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ABSTRACT
Confining light on the nanoscale offers unique physics associated with enhanced light-matter inter-
actions. Metal films and nanostructures can confine light on the nanoscale using plasma oscillations
at the surface of the metal. However the optical properties of metals cannot be actively tuned, which
prevents the active control of nanoscale light. Two-dimensional materials offer an alternative plat-
form for nanoscale light confinement that could provide active tunability, but are limited by the
difficulty of fabricating single monocrystalline layers.
In this thesis I investigate a new group of nanophotonic materials based on self-assembling
J-aggregates. I fabricate four different J-aggregate and polymer materials by a common method based
on solution processing and spin-coating. I then characterise the optical properties of these films
to show that they can support surface exciton polariton modes. Finally I demonstrate coupling to
these nanophotonic modes using Fourier imaging spectroscopy in a Kretschmann prism-coupling
configuration. This shows that self-assembled J-aggregates can be used as the building blocks for
a new group of soft materials that confine light on the nanoscale. Not only this, these are active
materials which can both absorb and emit light due to the delocalised excitons supported by J-
aggregates. Therefore J-aggregate materials could offer the tunable, active nanophotonics of two-
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Maxwell’s equations describe electromagnetic fields both in free space and in structures made
of different materials. In free space or any uniform medium, the minimum size into which an
electromagnetic field can be confined, d , is given by the diffraction limit d =λ/(2n), where n is the
refractive index of the medium in question. However, this limit does not apply to electromagnetic
fields at a distance from an interface or structure that is less than the wavelength of the light in
question. Close to a structure or interface, an electromagnetic field can have subwavelength structure
of its own, with most of the energy density of the field localised within a subwavelength volume. In the
visible and near infrared (400nm-1400nm), subwavelength electromagnetic fields can be nanoscale,
with spatial extent below 100nm. Nanophotonics is the study of this highly-confined subwavelength
light close to structures and interfaces.
Confining light to nanoscale volumes promises unique physics, as the spatial extent of the elec-
tromagnetic field becomes comparable to the lengthscale of electron wavefunctions and atom-like
systems in general [1]. Nanoscale electromagnetic fields enable enhanced light-matter interactions,
which can allow sensing of single molecules [2], bright single photon sources [3] and nanolasers
[4]. Control over electromagnetic fields on the nanoscale can also allow microscopy beyond the
diffraction limit [5], optical circuits with a subwavelength footprint [6], and metamaterials that realise
previously impossible optical responses [7].
To confine light on the nanoscale, specific materials are required. While dielectric nanostructures
can be used to guide light [8] or realise unique processing of optical fields using metasurfaces or
metamaterials [9], dielectric nanostructures cannot be used to confine light in significantly subwave-
length nanoscale modes. To confine light to such small volumes, metals and other materials that
interact strongly with incident light are required. In this thesis I focus on this type of material.
Metals are able to confine light on the nanoscale due to electron density oscillations at a metal
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surface [10]. Noble metals such as gold are well understood, including the fabrication of specific
nanostructures for specific applications [11]. This has enabled many of the flagship results in the field
of nanophotonics: gold is unrivalled as a means of realising enhanced light-matter interactions with
single emitters [12]. Although ceramics and metal nitrides have been explored for their temperature
and chemical stability for some applications [13][14][15], noble metals offer good enough thermal
and chemical stability for many applications.
While loss is a key drawback of nanophotonics using metals rather than dielectrics, these losses
are largely inseparable from the favourable optical properties of metals that allow them to con-
fine light to smaller volumes than dielectrics. When focussing on materials that offer these tightly-
confined modes as I do throughout this thesis, the key downfall of metals is their lack of tunability:
metallic nanophotonic structures are essentially passive, offering very little active control of an elec-
tromagnetic field, unless a different active material is introduced in a hybrid structure [16][17]. This
limits the application of metals to optical signal processing tasks involving switchable elements. This
drawback is of growing importance as emerging computing technologies seek to network atom-like
systems in a switchable setting to gain a quantum advantage [18].
New platforms such as two-dimensional materials can offer radically different properties to
metals and have been explored as an alternative platform for nanoscale light confinement [19]. In
particular, two-dimensional materials can offer tunability. Graphene is metal-like: it confines light
using an electron gas. However, the carrier density in graphene can be tuned to control its optical
response and its processing of nanoscale fields [20]. Perhaps more interestingly, monolayer transition
metal dichalcogenides such as WS2 and MoS2 have been proposed for nanoscale light confinement
using a fundamentally different approach to metals: electron plasma oscillations are replaced with a
Wannier-Mott exciton resonance [19]. This exciton, an electron and electron-hole pair, is associated
with strong photoluminescence, so monolayer transition metal dichalcogenides might combine the
active properties of emitters with nanoscale confinement of electromagnetic fields [21]. This could
offer tunability through external control of the Wannier-Mott exciton, but more broadly opens up
new physics: an active material, capable of absorbing and emitting light, that also confines light
in nanoscale modes at its surface. However, two-dimensional materials are limited in number and
present a significant experimental challenge as they rely on atomically thin, monocrystalline layers.
In this work I pursue an alternative approach to nanoscale light confinement, sharing the key
advantages of two-dimensional materials in a more versatile, bulk material platform. I confine light
using delocalised molecular Frenkel excitons supported by self-assembled molecular aggregates.
Forming a disordered molecular material consisting of molecular aggregates embedded in a polymer
matrix gives bulk, fully organic materials that confine light on the nanoscale, while potentially
retaining the active properties of two-dimensional materials.
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1.1 Metals and two-dimensional materials for nanophotonics
In traditional nanophotonics, the optical response of free electrons in metals is used to confine light
[10]. At the surface of a metal the incident electromagnetic field couples to plasma oscillations of
the free electron gas. This traps light in an electromagnetic mode at the surface of the metal called
a surface plasmon polariton. The study of light confinement using surface plasmon polaritons is
conventionally known as plasmonics.
Noble metals are the most well-established platform for plasmonics, and underpin some of
its most mature applications such as surface plasmon resonance sensing [22], surface enhanced
Raman spectroscopy [23], scanning probe microscopy [5] and the control of single quantum emitters
[3]. We note that these applications rely on metal nanostructures: there is an extensive body of
literature on the fabrication of gold nanostructures by both solution processing [24] and lithography
methods [11]. It is the combination of well-understood optical properties, including a plasmon
resonance in the visible, with well-controlled fabrication techniques, that makes noble metals the
leading nanophotonic platform for molecular sensing [2] and enhanced light-matter interactions
[12]. However, gold structures are passive: only very limited active control of the gold optical response
is possible, and only in ultra-thin films [16]. This means that while the optical response of a gold
nanostructure can be controlled during fabrication using size and shape [11], the optical response of
the finished structure is largely fixed unless an additional tunable material is used to create a hybrid
structure [17]. Furthermore, while an additional material can be used to actively tune the optical
response of a metal nanostructure, this does not mean that the structure can emit light. Therefore
when considering light-matter interaction involving the subwavelength field of a gold nanostructure,
the gold nanostructure remains a passive element like an optical cavity or waveguide, rather than an
active element like an atom or molecule. Furthermore, nanophotonic modes are subject to intrinsic
losses in the material that supports them: in metals the absorbed light is converted to heat [25].
The exploration of alternative plasmonic materials has been driven by the use of plasmonics
in photo-thermal therapies [14] and as a source of hot electrons for photocatalysis [15]. This has
lead to research into ceramic materials and metal nitrides in an effort to surpass the chemical and
temperature stability of gold [13][26]. Other alternative materials such as doped semiconductors
have been explored as a complementary metal oxide semiconductor (CMOS) fabrication compatible
alternative to gold [13]. A CMOS-compatible plasmonic material might allow for scalable nanoscale
optical circuits, or a scalable emitter control platform for mediating between quantum emitters [18].
Most of these alternative materials share the key drawback of gold: they are passive and cannot be
actively tuned. Furthermore, none of these materials has surpassed the performance of noble metals
for confining light [26]. In addition these alternative materials can impose new restrictions on the
working wavelength: doped semiconductor plasmonics is only possible in the near infrared and at
longer wavelengths [13].
Surface polaritons in two-dimensional materials are of interest both due to the unusual physics
of light confinement by a two-dimensional layer, and the potential for two-dimensional materials
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to offer an active, tunable platform for subwavelength light confinement. This means that light
confinement in two-dimensional materials is of interest even if the performance of noble metals
in existing applications cannot be surpassed. The most researched two-dimensional material for
subwavelength light confinement is graphene [19]. Graphene contains a two-dimensional electron
gas confined to the plane of the graphene flake. Graphene confines light due to surface charge
oscillations, similar to a metal surface. The key advantage of graphene is its electrically tunable
carrier density: this allows the graphene plasmon, and the resulting subwavelength confinement, to
be switched on and off in the far-infrared [20]. This offers a new capability not available in a noble
metal such as gold. However, taking place in the far-infrared, this effect is only available outside the
spectral range of traditional optics and telecommunications.
It is not only plasmon resonances that can create the surface charge oscillations required for
subwavelength light confinement. Wannier-Mott excitons can also create surface charge oscillations
leading to light confinement at a surface [19]. These modes are called surface exciton polaritons (SEPs)
to reflect their different origin compared to surface plasmon polaritons. Monolayer transition metal
dichalcogenides such as WS2 and MoS2 both support Wannier-Mott excitons with binding energies in
the visible range [27]. These resonances allow strong coupling in an optical microcavity [28]. Research
into subwavelength light confinement by SEPs in monolayer transition metal dichalcogenides is at an
early stage, with the first observations of SEPs just being made [29]. These materials are a promising
platform in which the active properties of the two-dimensional materials - which can absorb and
emit light [21], and strongly couple to a cavity - are combined with the ability to confine light in a
subwavelength mode supported by Wannier-Mott excitons. However, subwavelength confinement
using two-dimensional materials such as WS2 and MoS2 requires the production and handling of
single monocrystalline layers, which can be extremely difficult [30]. Furthermore, there is limited
scope for constructing three-dimensional nanostructures.
1.2 New excitonic materials for soft nanophotonics
Introducing new capabilities in nanophotonic materials using two-dimensional materials revolves
around a small number of difficult-to-fabricate monocrystalline layers. In this thesis I propose an
alternative platform for subwavelength light confinement which shares the active properties of
two-dimensional materials and therefore offers new capabilties beyond the plasmonics of noble
metals. This platform uses an interdisciplinary approach to create a large library of bulk materials by
a simple fabrication method.
In this approach, self-assembled molecular aggregates supporting delocalised molecular excitons
are included in a disordered polymer film [31]. To confine light on the nanoscale this approach uses
surface charge oscillations associated with delocalised molecular Frenkel excitons in the molecular
aggregates within the material. A specific type of molecular aggregate is used, a J-aggregate, which has
an intense exciton absorption in the visible associated with the delocalised exciton [32]. J-aggregates
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are defined by a red-shift and narrowing of the absorption line upon self-assembly of monomers
into a molecular aggregate. These effects are both derived from delocalisation of the exciton across
the molecular aggregate, and cause all of the oscillator strength of the constituent monomers to be
focussed into a narrow spectral range. This creates an exceptionally strong absorption peak. This
intense optical response of J-aggregates has made them the go-to organic dye for strong coupling
experiments in optical cavities and allows strong coupling at room temperature [33]. In addition to
this, the delocalised J-aggregate exciton exhibits optical nonlinearity [34], an electro-optic response
[35], and emits light with a small Stoke’s shift [32]. Hence in future a J-aggregate-based material
could combine some of the active properties of two-dimensional materials with subwavelength
confinement in a spin-coated, solution processed film.
Further to the work detailed in [31], we note that the TDBC J-aggregate is one member of the large
category of cyanine J-aggregates. Cyanine J-aggregates share a similar chemical structure, though key
differences allow different cyanine J-aggregates to absorb at different wavelengths across the visible
and near-infrared [32]. Hence I propose that the scheme used in [31] could be applied to the broad
category of cyanine J-aggregates to create a family of excitonic materials that are active and confine
light on the nanoscale, at wavelengths across the visible and near-infrared.
This interdisciplinary approach using self-assembled molecular aggregates allows supramolec-
ular chemistry to be used to control the optical properties, creating bespoke materials by control
of the self-assembly properties of the constituent J-aggregates. This could even allow anisotropic
or chiral optical properties [36]. J-aggregate and polymer materials could also be integrated with
existing platforms for organic photonics, such as polymer waveguides [37], polymer distributed Bragg
reflectors [38] and organic solar cells where subwavelength confinement could be used to enhance
absorption and transport properties [39]. More broadly, the fully organic nanophotonics platform
that I propose sits in the field of soft nanophotonics. This field uses both synthetic and biological
organic molecules for nanophotonic applications, primarily in ambient conditions or in solution
[40]. Sitting within this field, the present work shares a scientific basis with colloid chemistry [41],
self-assembled photonics [42] and the optical response of bio-molecules [43].
In summary, I aim to demonstrate the capability of a new group of excitonic materials to confine
light on the nanoscale. These materials are made using self-assembled J-aggregates that support
delocalised molecular excitons. I propose to use the large library of cyanine J-aggregates to create the
new group of materials by a method based on an existing TDBC J-aggregate material [31]. The goal of
this research is not to surpass the performance of noble metals in existing applications. Instead the
work is motivated by the new physics offered by the proposed platform - light confinement by an
active material that can absorb and emit light - and by the potential versatility of the new platform as




In this work I take the first steps towards realising a new platform for soft nanophotonics. I produce
four different J-aggregate and polymer materials by a common fabrication method, characterise their
optical properties, and demonstrate coupling to the SEP mode of each material.
In chapter 2 I provide the theoretical background to this project, covering the physics of sur-
face polaritons, the material properties required for subwavelength confinement, and how these
properties can be created using J-aggregates.
In chapter 3 I fabricate four different J-aggregate and polymer materials, controlling the self-
assembly of J-aggregates in solution and in solid thin films. We note that all four materials have a high,
metal-like reflectance band associated with the delocalised exciton resonance of the constituent
J-aggregate. This indicates that the delocalised excitons allow surface charge oscillations similar to
those in a metal [44].
In chapter 4 I characterise the optical properties of the J-aggregate and polymer materials with a
high level of accuracy surpassing existing results [31][45]. This quantifies the J-aggregate absorption
feature in the optical properties of each material and confirms that all four materials fabricated here
can support SEPs at a film/air interface.
In chapter 5 I demonstrate coupling to the SEP mode of each of the J-aggregate and polymer ma-
terials using Fourier imaging spectroscopy. This shows the capability of this new family of materials
to confine light using a supramolecular emitter as a building block.












In this chapter I introduce the physics of surface polaritons in metals and excitonic materials. First I
demonstrate the existence of surface polaritons by solving Maxwell’s equations at a surface, finding
constraints on the optical properties of the materials at the surface. I then describe the origin of these
optical properties in metals and excitonic materials and compare the properties of surface polaritons
in each type of material. Finally I discuss the physics of J-aggregates, focussing on the origin of the
intense, narrow J-aggregate absorption line which makes J-aggregates a promising building block for
new nanophotonic materials.
2.1 Surface Polaritons
A surface polariton is an electromagnetic mode which traps light at the surface of a material. These
modes can exist in materials that support charge density oscillations that are excited by electromag-
netic fields. Charge density oscillations occur when opposite charges within a material move with
respect to one another, creating local changes in the overall charge density in the material. This
creates electric dipoles. Within these dipoles the Coulomb interaction provides a restoring force
acting to return the opposite charges to their equilibrium position. This restoring force allows these
dipoles to oscillate. An incident electric field applied to a material can apply force to the charges in a
material, causing them to move, and therefore an incident electromagnetic wave can drive charge
density oscillations in a material. Charge density oscillations can have many different origins. For
example, excitons arise from oscillations of bound electrons, plasmons arise from density oscillations
of free electrons, and phonons arise from vibrational motion of the atoms bound together to make
a material [46]. Figure 2.1a shows charge density oscillations at the surface of a material: overall
positive and negative charges appear where the relative density of positive and negative charge
carriers in the material has been changed by the applied electric field.
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|Ez | ∼ e−kz2
|Ez | ∼ e−kz1
Figure 2.1: (a) z-direction electric field Ez and surface charges associated with a surface polariton. (b)
The electric field of a surface polariton mode decays exponentially with distance from the surface.
There is a discontinuity in |Ez | because ε1 and ε2, the relative electric permittivity below and above
the surface respectively, are different.
A surface polariton exists when charge density oscillations at the surface of a material are res-
onantly coupled to an electromagnetic field at the surface. Energy in a surface polariton is shared
between the electromagnetic field and the charge density oscillations at the surface of the material.
Surface polariton modes trap light energy at the surface of the material, but also allow it to propagate:
surface polaritons on a flat surface are waves which propagate along the surface.
Figure 2.1a shows the electric field at the surface of a material supporting a surface polariton.
At the surface (z = 0) the electric field is in the z-direction and has z-component Ez orientated
perpendicular to the plane of the surface. In a surface polariton, charge density oscillations at the
surface of the material are coupled to the electric field, and have the same spatial period as Ez at
the surface. Furthermore, the surface charges and Ez oscillate at the same frequency. The surface
polariton propagates in the x-direction along the surface due to the coupled oscillation of surface
charges and electromagnetic fields. The surface polariton also traps light at the surface: Ez has its
maximum amplitude at z = 0, and decays exponentially in both the positive and negative z-direction
with increasing distance from the surface 2.1b.
To capture the behaviour of the electric field associated with a surface exciton polariton, we can
introduce an ansatz to describe the electric field:
(2.1) En(x, z, t ) = E0nei (kx x+kzn z−ωt )
where the subscript n = 1,2 labels the two layers either side of the surface. Layer 1 is our material layer
with relative electric permittivity ε1, and layer 2 is a dielectric layer with relative electric permittivity
ε2. The frequency of the surface polariton is ω. This is the common frequency of both the surface
charge oscillations and the oscillation of the electric field at the surface. Hence ω is common to
















Figure 2.2: P-polarisation and s-polarisation are linear polarisations parallel and perpendicular to the
plane of incidence. Here, the plane of incidence is the x-z plane. The surface of the material occupies
the x-y plane.
period along the surface (figure 2.1a). Therefore, E1(x, z, t) and E2(x, z, t) have the same kx : the
x-component of the wavevector is identical above and below the surface. Finally we noted above that
the field decays with distance from the surface in both the positive and negative z-direction (figure
2.1b). This is described by the z-component of the wavevector, kz1 and kz2, which are imaginary
numbers with opposite signs.
The polarisation of the surface polariton is described by the vector E0n which describes the
amplitude and polarisation of the electric field. When considering fields incident at a surface, it is
useful to introduce the concept of p-polarisation and s-polarisation. P-polarisation and s-polarisation
are orthogonal linear polarisations, defined relative to the plane of incidence. The plane of incidence
is the plane containing the incident ray and the vector normal to the surface (figure 2.2) [47]. P-
polarised light has an electric field vector parallel to the plane of incidence. In our current coordinate
system, this corresponds to an electric field with no y component: E = (Ex ,0,Ez ). S-polarised light
has an electric field vector perpendicular to the plane of incidence, and therefore corresponds to a
field with no x or z component: E = (0,Ey ,0). Surface polaritons are p-polarised. Therefore the vector
En0 in our ansatz (equation 2.1) has the form: En0 = (Exn ,0,Ezn). This p-polarised electric field has a
corresponding magnetic field that is s-polarised: Hn0 = (0, Hyn ,0).
Now that we have considered the polarisation of the surface polariton, we have a complete
expression for our ansatz. In order to verify the existence of surface polaritons, we need to check
that our ansatz is a solution of Maxwell’s equations. Maxwell’s equations describe the evolution of
electromagnetic fields in space and time, and can be written
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where H is the magnetic field, ε0 and µ0 are the vacuum electric permittivity and vacuum magnetic
permeability respectively, and c is the speed of light in vacuum. The relative electric permittivity ε
describes the response of a material when driven by an incident electric field. An incident electric
field applies force to the charge carriers in a material, displacing them and creating dipoles aligned
with the incident field. These dipoles contribute to the total electric field, and affect the evolution of
an electric field in a material. The relative electric permittivity ε is a complex number: its amplitude
characterises the magnitude of the induced dipoles in a material, and its phase describes the relative
phase of the oscillation of the incident field and the induced dipoles. Knowledge of ε is sufficient to
predict how light will be reflected or transmitted by a material, as well as how light will propagate in
that material (note that ε= ñ2, where ñ is the complex refractive index). Therefore ε is sufficient to
describe the optical properties of our material layer 1 and our dielectric layer 2 while we investigate
the existence of surface polaritons. Note that the relative magnetic permeability µ does not appear in
equation 2.3. This is because we assume our material is non-magnetic (µ= 1).
In addition to satisfying Maxwell’s equations, our ansatz must also satisfy the relevant boundary
conditions for electric and magnetic fields at the surface. These conditions are derived by applying
Gauss’ and Stokes’ theorems at the surface, which is defined by a discontinuous change in ε [48]. The
first boundary condition is:
(2.4) E∥1(z = 0) = E∥2(z = 0)
which states that the the electric field component parallel to the surface is continuous at the surface.
The second useful boundary condition is:
(2.5) ε1E⊥1(z = 0) = ε2E⊥2(z = 0)
which states that the electric displacement field component perpendicular to the surface (εnE⊥n) is
continuous at the surface. Note that this assumes a permanent surface charge density of zero.
By substituting our ansatz (equation 2.1) into Maxwell’s equations (equations 2.2 and 2.3) and
the surface boundary conditions (equations 2.4 and 2.5), we find that our ansatz is a solution for the
electric field at the surface, with the x-component of the wavevector kx , and the z-component of the
wavevector kz1 and kz2 given by:
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Before we investigate equations 2.6 and 2.7, we note an important intermediate step in their deriva-
tion:
(2.8) ε1 = kz1
kz2
ε2
This equation relates the material properties either side of the surface (ε1 and ε2) to the z component
of the wavevector below and above the surface, kz1 and kz2. We know that for the electric field to be
confined to the surface, the electric field amplitude must decay in both the positive and negative
z-direction with increasing distance from the surface. Therefore, kz1 and kz2 are imaginary numbers
with opposite signs. Given that layer 2 is a dielectric, ε2 is positive and real. Applying these constraints
on kz1, kz2 and ε2 in equation 2.8 shows that ε1 must be negative and real: in order to support a
surface polariton, the material layer 1 must have Re[ε1] < 0 and low losses (Im[ε] < |Re[ε]|). In section
2.2 below we will investigate the origin of negative relative electric permittivity in metals and excitonic
materials.
We now return to our expression for the x-component of the wavevector kx (equation 2.6). If
we assume that the surface polariton propagates without loss, kx is real and we can derive further
constraints on the permittivity of our material ε1. kx is real when (ε1ε2)/(ε1 +ε2) is positive. Given
that ε1 < 0 and ε2 > 0, we find that if kx is real then ε1 < −ε2. For small propagation losses where
Im[kx ] < Re[kx ], this condition becomes:
(2.9) Re[ε1] <−|ε2|
This tells us that for surface polaritons to propagate, the real part of the relative electric per-
mittivity of our material must be negative, and its magnitude must be greater than the relative
electric permittivity of the adjacent dielectric. In this work, we always consider surface polaritons at
a material/air interface, so the dielectric layer 2 is air with ε2 = 1. Therefore, we find that the relative
permittivity of the material layer must satisfy:
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(2.10) Re[ε1] <−1
in order for surface polariton modes to exist at the surface of the material. Note that when equation
2.10 is satisfied, kz1 and kz2 are imaginary numbers with opposite signs, confining the mode to the
plane of the surface. In the following section we investigate the physics of the optical response of
metals and excitonic materials, to understand how electric permittivity satisfying equation 2.10 can
arise.
2.2 Optical properties of materials
Above we considered the general properties of surface polaritons without reference to specific
materials. In this section we consider the optical properties of metals and excitonic materials, and
the different properties of the surface polaritons that these different materials support.
2.2.1 Optical properties of metals
Metals are the most common material used for nanoscale light confinement. The optical properties
of metals originate from coupling between incident light and plasmons; density oscillations of the
electron plasma in the metal. Surface polaritons in metals are called surface plasmon polaritons
(SPPs) to reflect their origin in electron plasma oscillations.
Electrons in metals are free charge carriers that are not bound to a specific site by a restoring
force. Note that plasmons do involve a different restoring force: the Coulomb interaction between
free electrons, and between electrons and the lattice of positive ions in the metal. This Coulomb
interaction creates the restoring force which acts to return the free electron density to its uniform,
equilibrium value. We do not ignore this force here: it is taken into account by Maxwell’s equations
and the relative electric permittivity, which we use to describe surface polaritons.
To find an expression for the relative electric permittivity of the free electron gas, we consider the







where me is the mass of the electron, γ is damping by the medium (electrical resistance), e is the
charge on the electron, and E0e−iωt is the incident electric field. This is the Drude-Lorentz model
[49]. By substituting in a harmonic solution for x where x ∝ e−iωt we find that:
(2.12) x = e
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In order to move from this model of a single free electron to a macroscopic model of the relative
electric permittivity of a free electron gas, we use the relation between the electric displacement εε0E ,
the incident field E and the electric dipole moment per unit volume, P :
(2.13) εε0E = ε0E +P
P can be calculated from the electron displacement x by considering the dipole arising from the
displacement of the electron with respect to the fixed background lattice of positively charged ions in
the metal. The dipole due to a single electron has x-component −ex. These dipoles are present with
a density ρ equal to the density of free electrons in the metal. This gives an electric dipole moment
per unit volume of P =−ρex. Substituting this into equation 2.13 yields an expression for the relative
electric permittivity ε







is the plasma frequency. The plasma frequency gives the maximum frequency at
which the free electron oscillation can be resonantly excited by an incident electric field. Above the
plasma frequency, the electron density cannot respond quickly enough to the applied field to create
large dipole moments. Therefore above the plasma frequency the metal behaves like a dielectric
and becomes transparent. This behaviour is described by equation 2.14: we see that for ω > ωp ,















Figure 2.3: Optical properties of gold using the Drude-Lorentz model compared to the measured
optical properties of gold [50].
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ε is positive. We plot the real and imaginary parts of ε calculated from the Drude-Lorentz model
(equation 2.14) as a function of wavelength in figure 2.3 (dashed lines), based on the plasma frequency
and resistance of gold [46]. This shows that the Drude-Lorentz model predicts negative Re[ε] across
the visible range: this spectral range sits on the low frequency side of the plasma frequency which
corresponds to wavelength 138nm. This shows that free electrons in metals can support SPPs in a
broad wavelength range, corresponding to frequencies below the plasma frequency.
In figure 2.3 we also plot the measured optical properties of gold [50]. In gold we see that at
shorter wavelengths, around 500nm, the Drude-Lorentz model deviates from the real value. This is
because the Drude-Lorentz model ignores the possibility of interband transitions in the metal. In
gold, the lowest energy interband transition appears at around 500nm, which gives an increase in
absorption and therefore an increase in Im[ε] below 500nm as seen in figure 2.3. This absorption at
the short wavelength end of the visible spectrum gives gold its characteristic colour. Above 500nm,
gold has high reflectivity due to its negative permittivity but below 500nm the gold is absorbing and
does not reflect the blue end of the visible spectrum.
Comparing the Drude-Lorentz model of gold to the measured optical properties of gold, we see
that the Drude-Lorentz mode captures the main features of the gold optical properties, and deviates
mainly due to interband transitions below 500nm that are not included in the Drude-Lorentz model.
This confirms that the broadband negative Re[ε] of metals originates in plasma oscillations of the
free electrons in the metal.
2.2.2 Optical properties of excitonic materials
We now move on from metals to consider the optical properties of excitonic materials. Any material
whose optical response is dominated by the response of an exciton is an excitonic material. Hence
a wide range of materials with differing properties are included in this category, such as molecu-
lar materials and two-dimensional materials. We are investigating surface polaritons in excitonic
materials: therefore we are interested in excitonic materials with negative Re[ε]. Below we develop
a generic model of excitonic materials which shows how excitonic materials can support surface
exciton polaritons (SEPs) and the key differences between metals and excitonic materials.
An exciton is an electrostatically bound electron-hole pair. There are two main types of excitons:
Frenkel excitons and Wannier-Mott excitons. Excitonic materials contain many sites which can
support electrons and holes: these sites could be atoms or molecules. If the electrostatic forces
binding the electron and hole to a given site in the material are sufficiently strong, charge transfer
between sites is prevented, and the electron and hole making up the exciton always occupy the same
site. This is a Frenkel exciton [51]. Frenkel excitons can be contrasted with Wannier-Mott excitons, in
which charge transfer between sites in a material is allowed and the electron and hole making up the
exciton can occupy different lattice sites [52]. In the linear regime Frenkel and Wannier-Mott excitons
have similar optical properties that can be described by a Lorentz oscillator model.
To find an expression for the relative electric permittivity of an excitonic material, we follow
14
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the same approach that was taken above for metals. First, we write the equation of motion for the







This is the Lorentz oscillator model for the interaction of bound charges with an incident electric
field [49]. Notice that compared to the equation of motion for a free electron in a metal (equation
2.11) equation 2.15 has an extra term meω20x describing the restoring force binding the electron and
hole in the excitonic material. We now proceed as before: we solve equation 2.15 to find a harmonic
solution for the electron displacement x:
(2.16) x = e
me (ω2 + iγω−ω20)
E0e
−iωt
To move from this microscopic model of a single oscillating electron to a macroscopic model of
the relative electric permittivity, we again note that the electric dipole moment per unit volume
P =−ρex, where ρ is the density of excitons in the material. Substituting this into equation 2.13 we
find the relative electric permittivity:
(2.17) ε(ω) = 1− ρe
2
ε0me (ω2 + iγω−ω20)
This is very similar to the Drude-Lorentz model of a metal in its functional form, except that now
we have an additional term in the denominator −meω20 associated with the restoring force binding
electron and hole.
The relative electric permittivity of an excitonic material has a distinctly different spectral de-
pendence compared to that of a metal. In figure 2.4a we plot the real and imaginary parts of the
permittivity of an example excitonic material as a function of wavelength for a choice of parameters
ρ, γ andω0 giving an excitonic absorption line in the visible. This shows the resonant character of the
optical response of the excitonic material clearly. The imaginary part of the permittivity shows the
absorption line of the material, which is a Lorentzian centred at 551nm or 2.25eV. The real part of the
permittivity shows an anomalous dispersion feature associated with the absorption, in which there is
a minimum followed by a maximum in Re[ε] with increasing wavelength in the spectral region of the
exciton absorption. The width of these features is determined by γ.
In the optical properties plotted in figure 2.4 we have introduced two new terms ε∞ and f such
that:
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Figure 2.4: Relative electric permittivity ε from the Lorentz oscillator model (equation 2.18) of two
example excitonic materials differing only in the intensity of the exciton absorption: (a) weak absorp-
tion and (b) strong absorption yielding Re[ε] <−1. The parameters of each model are reported in the
figure.
(2.18) ε(ω) = ε∞− f ρe
2
ε0me (ω2 + iγω−ω20)
ε∞ is a real number and adds a constant offset to Re[ε]. This takes into account the non-resonant
effect of absorption at higher frequencies than the plotted range. Note that on the low frequency side












This shows that an absorption resonance creates a constant offset in Re[ε] on its long wavelength side.
The term ε∞ is used to describe this offset, caused by absorption in the excitonic material outside the
plotted range on the high energy, short wavelength side.
The term f is introduced to describe the different excitation probabilities associated with different
transitions, described by Fermi’s golden rule. These differences in the strength of different exciton
transitions cannot be derived from the Lorentz oscillator model. Excitons are excited by incident
photons if the energy of the incident photon matches the energy difference between the ground and
excited state. The probability that an incident photon excites an exciton, P0→1, is determined by the
inner product of the transition dipole moment of the exciton transition and the electric field of the
16
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incident photon. The transition dipole moment of the exciton transition, the vectorµ, can be defined
as:
(2.20) µ= 〈1|µ̂|0〉
where µ̂ is the dipole operator of a single molecule, and |0〉 and |1〉 are the ground and final states
respectively [53]. The probability of exciting the transition with an incident photon, P0→1, is pro-
portional to the square of the magnitude of the transition dipole moment of the transition. This is
Fermi’s golden rule:
(2.21) P0→1 ∝|µ ·E |2
where E is the electric field of the incident photon. Note that the polarisation of the incident photon
must be aligned with the transition dipole of the molecule in order to excite the transition and create
an exciton. The constant f in equation 2.18 is proportional to the transition probability P0→1, and
therefore describes the relative strengths of different exciton transitions.
We now consider under what conditions Re[ε] is negative in an excitonic material. In figure 2.4b




with respect to the material in figure 2.4a. All other parameters of the model are kept constant. This




of negative permittivity on the short wavelength side of the exciton absorption. This shows that
excitonic materials can support SEPs in a narrow wavelength range on the short wavelength side
of the exciton absorption. Furthermore we see that the intense resonance feature required to give
Re[ε] <−1 is created by increasing the exciton density ρ and the strength of the exciton transition
described by f . Note that unlike metals, excitonic materials do not have negative permittivity in a
broad range of wavelengths. Instead, they have negative permittivity in a narrow wavelength range
and it is only within this narrow range that they can support SEPs.
2.2.3 Real excitonic materials
Two-dimensional materials such as monolayer WS2 and MoS2 have narrow, intense absorption in the
visible range associated with Wannier excitons [27]. Because these materials are two-dimensional the
electric permittivity in the z-direction, parallel to the electric field of the SEP at the surface, cannot
be defined. However, the physics of SEPs in two-dimensional materials is similar to bulk materials.
That is, as described above, an intense absorption resonance allows surface charge oscillations due
to excitons to couple resonantly to light at the surface, trapping light in a SEP.
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Figure 2.5: Relative electric permittivity ε of a TDBC J-aggregate and PVA thin film [31].
In this work we are particularly interested in excitons in molecular materials made from polymers
and J-aggregates. J-aggregates are self-assembling organic dyes which support delocalised Frenkel
excitons. We will investigate the physics of delocalised Frenkel excitons in J-aggregates in detail below.
J-aggregates are desirable as the building blocks for molecular materials that support SEPs because
of their intense exciton absorption resonance. This creates an absorption line in Im[ε] with a high
peak intensity. For the specific J-aggregate TDBC, it has been shown that this can create a narrow
region of negative permittivity on the short wavelength side of the J-aggregate absorption [31]. The
structure, properties and systematic name of TDBC will be discussed in chapter 3.
In figure 2.5 I report the optical properties of a TDBC and poly(vinyl-alcohol) (PVA) film from [31].
These optical properties correspond to a Lorentz oscillator model, with two superposed Lorentzian
absorption lines with the parameters listed in table 2.1 and ε∞ = 2.31. Here ε∞ describes both
absorption outside the plotted range and the refractive index of the PVA host matrix. While this
matrix can change the properties of the J-aggregate emitters slightly, these interactions are weak.
Therefore the host matrix contributes to ε∞ only, increasing the background value of Re[ε].
The optical properties of the TDBC and PVA film show a narrow spectral region, 558nm-589nm,
in which Re[ε] <−1. In this region the material can support a SEP. This region appears on the short
wavelength side of the J-aggregate absorption as expected in an excitonic material. A key goal of
this project is to apply a method similar to [31] to several different J-aggregates, to create a family of




γ (eV) 0.053 0.098
ω0 (eV) 2.10 2.03
Table 2.1: Parameters of a Lorentz oscillator model of a TDBC and PVA film [31].
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organic excitonic materials that support SEPs at different wavelengths across the visible and near
infrared.
2.3 Properties of SPPs and SEPs
Above I described the physics of the optical properties of metals and excitonic materials. We now
know that both systems can support surface polaritons: metals can support SPPs in a broad spectral
range below the plasma frequency, and excitonic materials can support SEPs in a narrow spectral
range close to the exciton absorption, provided that the exciton absorption has a high enough peak
intensity.
As we saw in section 2.1 above, the optical properties of the material at the material/dielectric
interface (surface) determine the components of the complex wavevector kx , kz1 and kz2 which
describe the properties of the surface mode. In this section we will compare the values of these
components of the complex wavevector to describe the differences between SPPs and SEPs.
The dispersion relation of a mode is an expression relating its frequency and wavevector via the
optical properties of the materials in the structure supporting the mode. The dispersion relation
captures the spectral dependence of Re[kx ], which describes wavelike propagation of surface po-
laritons along the surface. Note that Re[kx ] is the inverse of the spatial period of the electric field of
the surface polariton in the x-direction. The dispersion relation is particularly important because
it tells us under what conditions we can couple light into a surface polariton (see section 5.1). The
dispersion relation for a surface polariton is given by the real part of equation 2.6.
We consider the dispersion relations of SPPs and SEPs calculated from equation 2.6 and the
optical properties plotted in figure 2.3 and figure 2.5. These dispersion relations are plotted in figure
2.6, together with the corresponding optical properties. I also plot the light line k =ω/c, which gives
the x-component of the wavevector of light of frequency ω travelling in the vacuum parallel to the
x-direction, which is the direction of propagation of the surface polaritons. This shows that SPPs on
gold have larger Re[kx ] than light in the vacuum travelling in the same direction across the whole
visible range. This means that the spatial period of the SPP is shorter than the wavelength of light of
the same frequency in the vacuum. We also note that at first the gold dispersion relation moves away
from the light line with increasing frequency. Then at around 2.4eV or 520nm the gold SPP dispersion
relation moves back towards the light line due to increasing Im[ε] from interband transitions. The
gold SPP dispersion relation does not cross the light line until the plasma frequency at around 8.9eV
and 140nm, where Re[ε] becomes positive.
The SEP dispersion also has larger Re[ε] than light in the vacuum within the spectral range where
Re[ε] <−1. This is the only spectral range where the SEP exists. Outside this range, where Re[ε] >−1,
our solution to Maxwell’s equations, defined by kx , kz1 and kz2 via equation 2.1, does not correspond
to a surface mode in which light is trapped at the surface. Across most of the Re[ε] >−1 region the
dispersion relation for the TDBC and PVA film sits on the low momentum side of the light line, and
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Figure 2.6: (a) Dispersion relation of a gold SPP (solid line) and the light line (dashed line). (b) Optical
properties of gold [50]. (c) Dispersion relation of surface modes of a TDBC and PVA material (solid
line) [31] and the light line (dashed line). The solid line only describes an SEP mode within the shaded
spectral region. (d) Optical properties of the TDBC and PVA material.
corresponds to a Brewster mode, in which p-polarised light propagates away from the surface in both
the x-direction and z-direction. This is described by kx , kz1 and kz2 that are all real numbers. Most
importantly, we note that the dispersion relation of the TDBC and PVA film only differs significantly
from the gold dispersion relation outside the wavelengths at which the SEP exists.
In addition to the dispersion relation, surface modes have three key properties: the propagation
length and their spatial extent above and below the surface. The propagation length is calculated
from Im[kx ], which describes the attenuation of a surface polariton as it propagates along the surface.
The propagation length is given by 1/Im[kx ]. The spatial extent of the mode in the z-direction is
calculated from the z-direction wavevectors kz1 and kz2. The size of the mode in the material layer
(gold or TDBC and PVA) is given by 1/Im[kz 1], and the size of the mode in the adjacent dielectric
layer is given by 1/Im[kz 2].
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Gold -8.8+2.1i 10.5 29 262
TDBC and PVA -3.7+2.8i 1.7 40 197
Table 2.2: Properties of the gold SPP and TDBC and PVA SEP [31] at a material/air interface at
wavelength 575nm based on the optical properties shown in figures 2.3 and 2.5 respectively.
Here we compare these properties of the SPP and SEP at a single wavelength, 575nm, chosen
within the SEP region of the TDBC and PVA film. These properties could be calculated at any visible
or near-infrared wavelength for the gold SPP. However, below 500nm interband transitions in gold
significantly reduce the propagation length of the gold SPP. In addition, across the visible range Re[ε]
of gold becomes increasingly negative with increasing wavelength. This causes the spatial extend of
the SPP in the dielectric above the surface to increase proportional to
p
ελ/ε2, where ε2 is the relative
electric permittivity of the dielectric and λ is the wavelength. At 575nm the two effects described
above are largely avoided, giving the gold SPP a good propagation length and good confinement:
hence wavelengths close to 575nm are often used in gold plasmonics. Therefore, it is informative to
compare the properties of the gold SPP and the J-aggregate and PVA SEP at 575nm.
In table 2.2 I report the properties of the gold SPP and the TDBC and PVA SEP at 575nm. These
are calculated at a surface at which the dielectric layer is air (ε2 = 1). From this we see that the mode
properties are similar for the two materials, with the gold SPP offering better propagation than the
TDBC and PVA SEP. This is due to the lower Im[ε] in gold compared to the J-aggregate material, and
due to the fact that a greater proportion of the SPP is outside the material layer, seen in the larger
mode size in air for the gold SPP compared to the TDBC and PVA SEP. The TDBC and PVA film is able
to confine light to a smaller volume on the air side of the surface because the real and imaginary
parts of its relative permittivity are more similar in magnitude compared to gold, which has a more
negative real permittivity.
This shows that J-aggregate materials create SEPs with similar properties to SPPs in gold. The
gold SPP has better propagation length, while the TDBC and PVA film offers better confinement on
the air side of the surface. Despite these differences, J-aggregate materials are not explored for a
performance advantage over noble metals with respect to mode size or propagation length. Instead,
as outlined in the introduction, I explore J-aggregate materials because they confine light like a noble
metal, but are also active materials that can absorb and emit light.
2.4 J-aggregates and delocalised excitons
In the previous section we identified that excitonic materials with a sufficiently intense absorption
peak can create a region of negative permittivity supporting a surface polariton mode. We also saw a
specific example of such a material made using a TDBC J-aggregate [31]. This was possible because
J-aggregates have an unusually intense exciton absorption resonance [32]. In this section we study
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the physics of the optical response of J-aggregates, in order to understand the origin of their intense
exciton absorption.
J-aggregates are formed by the spontaneous self-assembly in solution of many dye monomers,
forming an ordered supramolecular structure. The conditions under which J-aggregates self-assemble
will be covered in chapter 3. Without self-assembly, the isolated J-aggregate dye monomers sup-
port a molecular Frenkel exciton. A molecular Frenkel exciton is created when an electron from
an occupied ground state molecular orbital is excited to an unoccupied orbital at higher energy
[49]. These orbitals can span multiple atoms in the molecule, forming a covalent bond. After self-
assembly into a regular supramolecular architecture the dye monomers forming the J-aggregate
become electronically coupled. This delocalises the Frenkel exciton across many molecules in the
J-aggregate. This delocalisation is accompanied by the red-shifting of the Frenkel exciton absorption
line with respect to the monomer absorption, and by the narrowing of the absorption line. This
yields an intense, narrow optical transition that can create negative real electric permittivity, allowing
nanoscale light confinement in SEPs. In this section we investigate the origin of the red-shift and
narrowing of the J-aggregate absorption line, and how these changes make J-aggregates promising
emitters for building metallic molecular materials.
2.4.1 Red-shift
When dye molecules self-assemble into J-aggregates, they become electronically coupled to their
neighbours, due to the Coulomb interaction between their molecular dipoles [53]. This means that
energy can be passed reversibly between molecules in the J-aggregate, due to the dipole-dipole
interaction potential V between two molecular dipoles µ1 and µ2:
(2.22) V = (µ1 ·µ2)|r |
2 −3(µ1 · r )(µ2 · r )
|r |5
where r is a vector describing the relative position of the two point dipoles. V can be positive or
negative, reflecting attractive or repulsive Coulomb interactions, determined by the relative position
and orientation of the dipoles. In order to understand the effect of the coupling V on excitons in
a J-aggregate, we consider a dimer of two dye molecules coupled by V . This example captures the
same physics as the more general but much more complex example of N coupled monomers. At
each key step in what follows we will report the N molecule result to demonstrate this similarity, and
to offer the general result for reference.
Our molecular dimer consists of two coupled dye molecules. Each molecule has a ground and
excited state separated by energy ω0. The excited state of each molecule is a molecular Frenkel
exciton. The molecules in the dimer are coupled by the dipole-dipole Coulomb interaction V . As a
basis we use the ground, singly-excited and doubly-excited states of the dimer. These are: |00〉, the
ground state in which neither molecule is excited; |10〉, where only molecule 1 is excited; |01〉, where
only molecule 2 is excited; and |11〉, in which both molecules are excited. These are all product states
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of single molecule states: they are separable into |0〉1|0〉2, |1〉1|0〉2, |0〉1|1〉2 and |1〉1|1〉2 respectively,
where the subscripts label each molecule in the dimer. We call |00〉, |10〉, |01〉 and |11〉 the site basis.
In the site basis the Hamiltonian of the coupled dimer is
(2.23) Ĥ =

0 0 0 0
0 ω0 V 0
0 V ω0 0
0 0 0 2ω0

The site basis states are only eigenstates of Ĥ if V = 0. That is, in the absence of intermolecular
coupling, the eigenstates of the system are |00〉, |01〉, |10〉, and |11〉 with energies 0, ω0, ω0 and 2ω0
respectively. However, when the molecules in the dimer are coupled, V is non-zero and Ĥ must be
diagonalised to find the new eigenstates and their corresponding energy eigenvalues. This yields:
E00 = 0, |00〉
E− =ω0 −V , |−〉 = 1p
2
(|10〉− |01〉)
E+ =ω0 +V , |+〉 = 1p
2
(|10〉+ |01〉)
E11 = 2ω0, |11〉
where E00, E−, E+ and E11 are the energies of the eigenstates |00〉, |−〉, |+〉 and |11〉 respectively. As
shown in figure 2.7, the intermolecular coupling V creates new eigenstates |+〉 and |−〉 that are shifted














Figure 2.7: (a) Energy levels of an uncoupled molecular dimer. (b) Energy levels of a coupled dimer
and its absorption spectrum, for a J-aggregate type orientation of the constituent molecular dipoles
(see figure 2.9). This yields negative V and a dark |00〉 to |−〉 transition.
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|−〉 the Frenkel exciton is delocalised: the probability amplitude is shared equally between the two
molecular sites |10〉 and |01〉. |+〉 and |−〉 have opposite relative phases in their site basis expansion,
corresponding to in-phase and out-of-phase oscillation of the molecular dipoles. We note that the
the ground and two-exciton states remain eigenstates for any value of the intermolecular coupling V .
To understand how coupling and the resulting exciton delocalisation affect the optical properties
of J-aggregates, we need to consider the selection rules governing transitions from the ground to
excited states. These selection rules arise from the transition dipole moments associated with each
transition. We define the transition dipole moment for the transition from |00〉 to |+〉 as M+. M+
is a vector describing the strength and orientation of the collective dipole of the molecular dimer
originating in in-phase oscillations of the constituent molecular dipoles. Transition dipole moments
are calculated from matrix elements of the total dipole operator of the molecular dimer M̂ (which we
define below):
(2.24) M+ = 〈+|M̂ |00〉
Similarly, M− is the transition dipole moment of the transition from |00〉 to |−〉, given by
(2.25) M− = 〈−|M̂ |00〉
The total dipole operator of the molecular dimer M̂ is given by the sum of µ̂1, the dipole operator of
molecule one, and µ̂2, the dipole operator of molecule 2:
(2.26) M̂ = µ̂1 + µ̂2
Note that µ̂1 and µ̂2 can be used to calculate the transition dipole moments of the exciton transitions
of the isolated monomers: µ1 = 〈1|1µ̂1|0〉1 and µ2 = 〈1|2µ̂2|0〉2. These monomer transition dipole
moments describe the size and direction of the individual molecular exciton dipoles in isolated
monomers. Substituting equation 2.26 into equations 2.25 and 2.24 gives expressions for the collective
transition dipole moments as linear combinations of the monomer transition dipole moments:
(2.27) M+ = 1p
2
(µ1 +µ2)
(2.28) M− = 1p
2
(µ1 −µ2)
We have eliminated terms from the above expansion of M+ and M− using the orthogonality of the zero
and one exciton states of each molecule: 〈1|10〉1 = 0 and 〈1|20〉2 = 0. Notice that the transition dipole
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moments of the new eigenstates are a superposition of the monomer transition dipole moments,
reflecting the fact that M+ and M− describe collective dipoles arising from the delocalised exciton
shared by both molecules in the dimer.
Transition dipole moments are vectors, describing the orientation of dipoles in space, as well as
their strength. Using equations 2.27 and 2.28 we see that the collective transition dipole moments
M+ and M− are orthogonal for any relative orientation of the molecular dipoles if |µ1| = |µ2|. This
condition is satisfied in our dimer, as both monomers are identical: |µ1| = |µ2| =µm . This means that
the collective transition dipole moments M+ and M− are orthogonal.
In a J-aggregate, it is not just the magnitude of the constituent monomer dipoles that is identical.
Self-assembly creates regular architectures in which the constituent molecules are aligned with
one another. This means that their molecular dipoles µ1 and µ2 are parallel. Notes that there can
be different types of aggregates with parallel monomers, as the relative position of the constituent
monomers in space can vary (see figure 2.8a). If µ1 and µ2 are parallel and have the same magnitude
mum , we can define the monomer transition dipole moment in an ordered aggregate µm such that




(2.30) M− = 0
This shows that for aligned identical monomers, |−〉 is a dark state. It cannot be excited by an external
field because it has zero transition dipole moment. Coupling between monomers and the resulting
delocalisation of the molecular Frenkel exciton has created only one allowed one-exciton transition,
from |00〉 to |+〉. We also note that 〈11|M̂ |00〉 = 0, which tells us that the two-exciton state |11〉
cannot be excited by a single photon from the ground state. Hence the dimer absorption spectrum
has a single peak at energy ω0 +V associated with transitions from |00〉 to |+〉. In this thesis I work
exclusively in the linear regime, so we do not need to consider the nonlinear behaviour of J-aggregates
associated with transitions from |−〉 or |+〉 to |11〉.
By calculating the transition dipole moments of the transitions to the new eigenstates of the
coupled dimer, we have arrived at selection rules for the one-exciton transitions to |+〉 and |−〉 from
the ground state, equations 2.29 and 2.30. This tells us that the dimer has a single dipole-allowed
transition, from |00〉 to |+〉. Next, to calculate the spectral position of the dimer absorption peak at
ω0 +V , we need to consider the sign and magnitude of V .
The energy of the transition from |00〉 to |+〉 is given by E+ =ω0 +V . This energy sets the position
of the only absorption peak in the absorption spectrum of the coupled dimer. Because we know that
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Figure 2.8: Relative position r of molecular dipoles.
the molecular transition dipoles in the dimer are parallel, the sign of V is set by the relative position
vector r of the parallel molecular dipoles only (see figure 2.8). Monomers can have different relative
positions in different types of aggregates depending on the chemical structure of the monomers and
how they self-assemble as a result of that structure. If θ is the angle between the vector r and µm , as
shown in figure 2.8, and r = |r |, we find a simple expression for V :





This shows that V can be positive or negative for different values of θ. Therefore, depending on the
arrangement of molecules within the dimer, the energy of the |+〉 state can be moved to higher or
lower energy. Molecular aggregates are classified based on the sign of this energy shift. Positive V ,
which occurs for 54.7◦ < θ ≤ 90◦, yields a blue-shift. This corresponds to side-by-side stacking of
monomer dipoles in the aggregate (see figure 2.9). Molecular aggregates with blue-shifted absorption
lines are defined as H-aggregates. Negative V , which occurs for 0◦ ≥ θ < 54.7◦, yields a red-shift. This
corresponds to end-to-end stacking of monomer dipoles in the aggregate (see figure 2.9). Molecular
aggregates with red-shifted absorption lines are defined as J-aggregates. Note that 0◦ ≥ θ ≤ 90◦
without loss of generality.
Hence we have seen that in J-aggregates, coupling between monomers in a dimer causes de-
localisation of the Frenkel exciton across both molecules in the dimer. The monomer dipoles are
arranged in a roughly ‘end-to-end’ position in the dimer and |+〉, the only dipole-allowed state from
the ground state, has a lower energy than the monomer exciton. This means that the J-aggregate
absorption spectrum has a single red-shifted absorption peak, due to the delocalised Frenkel exciton
state |+〉. Therefore observing red-shifted absorption in a solution of self-assembling dyes acts as a
witness to the formation of J-aggregates and the delocalisation of the Frenkel exciton.
These phenomena are the same when the size of the J-aggregate is scaled up from two monomers
to N monomers. Different geometries are possible, but for a one-dimensional chain of N monomers,






























Figure 2.9: The relative position of monomers within an aggregate determines whether it is a J-
aggregate or H-aggregate. θ is defined above in figure 2.8. J-aggregates are red-shifted with respect to
the monomer absorption, and H-aggregates are blue-shifted.
where |n〉 = |0〉1...|0〉n−1|1〉n |0〉n+1...|0〉N is the site basis state in which the nth molecule is excited.
|+〉 is a delocalised state spread across all of the monomers in the chain, with larger probability
amplitudes in the middle of the chain. All site basis states have positive probability amplitude: the
molecular dipoles are oscillating in phase. This calculation is analogous to the calculation of the
normal modes of a one-dimensional chain of coupled oscillators [54]. The state |+〉 has energy:




and transition dipole moment M+ ≈
p
N µm , in analogy with equation 2.29: now that there are N
states in the one-exciton manifold, there is a factor of
p
N in the transition dipole moment. As before,
if V is negative, the absorption line is red-shifted, with an extra factor of two originating from each
molecule being coupled to two nearest neighbours. This shows that the dimer model discussed above
captures the essential physics of a generic N -molecule J-aggregate: coupling within an aggregate
causes delocalisation of the exciton across the aggregate, and an end-to-end type orientation of
monomers (figure 2.9) means that the delocalisation is accompanied by a red-shift of the absorption
line.
To conclude the discussion of the origin of the red-shifted absorption line in J-aggregates, we
note a key difference between J-aggregates and H-aggregates which makes J-aggregates much more
favourable for nanoscale light confinement.
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The transition dipoles of the J-aggregate and H-aggregate delocalised excitons are the same: both
are enhanced by
p
N with respect to a single monomer. However, H-aggregates do not create ab-
sorption features with the same peak intensity created by J-aggregates. This is because H-aggregates
experience additional homogeneous broadening. In H-aggregates, the dipole-allowed state is the
highest energy one-exciton state, blue shifted with respect to the monomer absorption. Phonon
interactions allow the H-aggregate excited state to decay rapidly to one of the lower energy, dark, one-
exciton states. This reduces the lifetime of the H-aggregate excited state, broadening the H-aggregate
absorption line. As the area under the absorption spectrum is proportional to the magnitude of the
transition dipole moment squared, due to Fermi’s golden rule (equation 2.21), the peak absorption in-
tensity decreases as the width of the absorption line increases. Therefore H-aggregates have broader
absorption peaks with lower peak intensity compared to J-aggregates. This makes J-aggregates more
favourable for nanoscale light confinement in an excitonic material, where high peak absorption
intensity is required to create a region of negative permittivity. In the following section, I describe
exchange narrowing, a process which reduces inhomogeneous broadening in J-aggregates. This
narrowing gives an increase in the peak absorption intensity, which distinguishes J-aggregates from
other organic dyes as a promising building block for organic materials that confine light on the
nanoscale.
2.4.2 Spectral narrowing
The key mechanism that makes J-aggregates favourable for nanoscale light confinement is not the
scaling of the transition dipole moment by the factor
p
N . Increasing the transition dipole moment
increases the probability of absorbing a photon relative to a single monomer, but also increases
the probability of its inverse process, spontaneous emission. This reduces the excited state lifetime,
broadening the natural linewidth. If we consider the natural linewidth only, increasing the transition
dipole moment by
p
N does not increase the peak absorption intensity: instead the width of the
absorption line increases by a factor N , due to the factor N increase in the spontaneous emission
probability.
However, real J-aggregates experience inhomogeneous broadening. Individual J-aggregates in-
teract with the solvent or solid matrix that surrounds them, changing the optical properties of the
J-aggregate [53]. In an ensemble of J-aggregates, different members of the ensemble are affected
differently by the surrounding solvent or solid matrix. This creates inhomogeneous broadening. In
solution inhomogeneous broadening dominates the J-aggregate linewidth. However, compared to
individual monomers, the inhomogeneous broadening of the J-aggregate absorption line is reduced
by a process called exchange narrowing, which originates in the delocalisation of the Frenkel exciton.
To understand exchange narrowing, we return to the coupled dimer example [53]. This time, each
molecule in the dimer has a different exciton energy, giving the following Hamiltonian in the site
basis:
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(2.34) Ĥ =

0 0 0 0
0 ω1 V 0
0 V ω2 0
0 0 0 ω1 +ω2

For the two one-exciton states, this Hamiltonian has eigenvalues:





(ω1 +ω2)2 +4V 2
First we consider the strong coupling limit |ω1−ω2|¿ |V |. When |ω1−ω2|¿ |V |, then the energy
eigenvalues of the coupled dimer are:
(2.36) E± = ω1 +ω2
2
±V
with corresponding eigenstates |+〉 and |−〉 identical to the original coupled dimer eigenstates. We
now consider the effect of inhomogenous broadening. We assume that the inhomogeneous energy
shifts ω1 −ω0 and ω2 −ω0 are random variables sampled from the same Gaussian distribution with
width σ:

















where we have used 〈(ω1,2−ω0)2〉 =σ2 and 〈(ω1−ω0)(ω2−ω0)〉 = 0, derived from equation 2.37. This
shows that the inhomogeneous linewidth of the dimer is decreased by a factor of
p
2 with respect
to the inhomogeneous linewidth of the monomer. This is because exciton delocalisation across the
dimer creates new energy eigenstates which average over the disorder in the constituent monomers,
reducing inhomogeneous broadening.
The same exchange narrowing effect takes place in an N -molecule J-aggregate. In the strong cou-
pling limit |ω1 −ω2|¿ |V | the inhomogeneous linewidth is reduced by 1/
p
N . In realistic aggregates,
the strong coupling limit does not always apply, and as the disorder |ω1−ω2| increases the J-aggregate
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exciton becomes more localised due to Anderson localisation [55]. Under these realistic conditions
of partial localisation, exchange narrowing still occurs with N , the total number of monomers in the
aggregate, replaced by Ndel, the number of monomers over which the exciton is delocalised, in the
expression for the inhomogeneous linewidth. This gives narrowing by a factor 1Ndel in a J-aggregate
compared to the monomer inhomogeneous broadening σ [56]. Note that partial localisation means
1 < Ndel < N .
In determining the final width of the J-aggregate absorption in a solution or a solid matrix,
exchange narrowing competes with lifetime broadening of the natural linewidth. Both effects are
due to delocalisation of the Frenkel exciton. Because the linewidth of an organic dye is typically
dominated by inhomogeneous broadening in solution or in a solid matrix at room temperature,
exchange narrowing by the factor 1Ndel outweighs the lifetime broadening that also accompanies
delocalisation across Ndel monomers. This causes the overall narrowing of the J-aggregate absorption
compared to the monomer absorption that is characteristic of J-aggregates [32].
2.4.3 J-aggregates as building blocks for nanoscale light confinement
Above I have described the physics that leads to the narrow, red-shifted absorption associated
with delocalised excitons in self-assembled J-aggregates. We also learned that the transition dipole
moment of the delocalised exciton is given by
p
N µm , where N is the number of molecules in the
aggregate and µm is the transition dipole moment for the one-exciton transition on a monomer
molecule. To understand what makes J-aggregates a good building block for materials that confine
light on the nanoscale, we compare two systems: an ensemble of N separate monomers, and a single
N -monomer J-aggregate.
The probability of exciting an exciton in an ensemble of N uncoupled, parallel monomers is
proportional to N |µm |2, where we have applied Fermi’s golden rule (equation 2.21) to N identical
exciton transitions. The probability of exciting an exciton in a single N -monomer J-aggregate, again
using Fermi’s golden rule, is proportional to |pN µm |2 = N |µm |2: identical to the absorption proba-
bility for N uncoupled monomers. Identical absorption probabilities mean that both systems have
the same area under their absorption spectrum, as this area is proportional to the probability of
excitation given by Fermi’s golden rule. However, the J-aggregate absorption spectrum is narrower
than the absorption spectrum of the monomers, and therefore has a greater peak intensity (see figure
2.10a). This is due to exchange narrowing as described above, originating in delocalisation of the
Frenkel exciton.
The high peak absorption intensity of J-aggregate makes them excellent building blocks for
materials that confine light on the nanoscale, because high peak absorption intensity leads to
negative real electric permittivity (see section 2.2.2 above). This creates propagating polariton modes
confined to a subwavelength region at the surface of a J-aggregate-based material. More broadly,
the intense optical response of J-aggregates, derived from delocalised Frenkel excitons, makes J-








































Figure 2.10: (a) Illustration of absorbance (arbitrary units) of N uncoupled monomers compared to
an N -monomer J-aggregate. The area under both curves is that same, but the J-aggregate absorption
is narrower with higher peak intensity. (b) Illustration of the real relative electric permittivity Re[ε] of
materials containing N uncoupled monomers compared to an N -monomer J-aggregate. Due to the
difference in peak absorption intensity the J-aggregate material has a region of Re[ε] <−1 (shaded)
in which it can support a SEP.
temperature strong coupling to an optical cavity mode [33].
2.5 Conclusion
Surface polariton modes trap light at the surface of materials with negative relative electric permit-
tivity. For surface polaritons to exist at a material/air interface, the real part of the relative electric
permittivity of the material Re[ε] must be less than -1. Metals have broadband negative Re[ε] due
to plasma oscillations of the free electron gas in the metal. This allows metals to support surface
plasmon polaritons over a broad spectral range spanning the visible and near-infrared. Excitonic
materials have a different optical response to metals that is due to an exciton absorption resonance,
which creates a peak in Im[ε] and an anomalous dispersion region in Re[ε]. This allows excitonic
materials with an intense peak in Im[ε] to achieve negative Re[ε] in a narrow spectral range on the
short wavelength side of the exciton absorption. In this wavelength range, excitonic materials can
support surface exciton polaritons that have similar properties to surface plasmon polaritons in gold.
Having identified how excitonic materials can support surface exciton polaritons, we considered
the physics of J-aggregates, a type of self-assembling organic dyes which have an unusually intense
exciton absorption resonance. This intense exciton absorption originates in the delocalisation of
a Frenkel exciton across many monomers in the self-assembled J-aggregate, and can be used to
create materials with negative electric permittivity that support surface exciton polaritons [31]. In the
following chapter I consider the chemical structure and self-assembly properties of a specific group
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MAKING METAL-LIKE THIN FILMS USING J-AGGREGATES
In this chapter I explore the supramolecular chemistry of cyanine J-aggregates, and control their
formation using the choice of solvent and the cyanine dye concentration. I fabricate cyanine J-aggregate
and poly(vinyl alcohol) nanocomposite materials by spin-coating, and investigate the morpholgy of
these films using atomic force microscopy. These films are shown to have high, metal-like reflectance in
a narrow wavelength band close to the absorption of the constituent J-aggregate.
3.1 Cyanine Dyes
This work uses water-soluble, closed-chain cyanine dyes that self-assemble to form J-aggregates.
Cyanines are chosen because there are a large number available, absorbing at a broad range of
wavelengths across the visible and near-infrared. By applying the methods presented here to a variety
of water-soluble cyanine J-aggregates, a new family of organic materials can be produced with metal-
like optical properties at wavelengths chosen from across the visible and near-infrared. I chose three
different J-aggregates absorbing in the visible, and one J-aggregate absorbing in the near-infrared.
The structure and systematic name of each of the chosen cyanine dyes is shown in figure 3.1. Due to
the long systematic names of these cyanines, where a conventional name is not in common use, we
adopt short names based on the peak absorption wavelength in nanometres of the J-aggregate of the
cyanine: J560, J619 and J798.
Cyanine dyes are defined by a common molecular structure (figure 3.2) [57]. A polymethene
chain, a hydrocarbon chain with alternating single and double bonds, joins two nitrogen atoms. The
unsaturated polymethene chain contains π electrons from each double bond. These π electrons
are delocalised over the whole polymethene chain. These delocalised electrons in the polymethene
chain give rise a molecular dipole moment aligned along the polymethene chain (figure 3.3). Driv-
ing oscillations of this molecular dipole, which correspond to charge density oscillations in the π
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5-Phenyl-2-[2-[[5-phenyl-3-(4-sulfobutyl)-3H-benzoxazol-2-ylidene]-methyl]
-but-1-enyl]-3-(4-sulfobutyl)-benzoxazolium hydroxide, inner salt, sodium salt
5,6-Dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-sulfobutyl)-benzimidazol-2-ylidene]
-propenyl]-1-ethyl-3-(4-sulfobutyl)-benzimidazolium hydroxide, inner salt, sodium salt
5-Chloro-2-[2-[5-chloro-3-(4-sulfobutyl)-3H-benzothiazol-2-ylidenemethyl]-but-1-enyl]
-3-(4-sulfobutyl)-benzothiazol-3-ium hydroxide, inner salt, triethylammonium salt
5-Chloro-2-[5-[5-chloro-3-(4-sulfobutyl)-3H-benzothiazol-2-ylidene]-3-phenyl-penta-1,3





Figure 3.1: Chemical structures and systematic names of cyanine dye monomers as salts: (a) J560, (b)









Figure 3.2: Different types of cyanine dyes are distinguished by their structures: (a) streptocyanines,
(b) hemicyanines and (c) closed-chain cyanines. The curved lines represent covalently bonded atoms
completing a ring structure. The polymethene chain joining quaternary nitrogens can vary in length
depending on the number of pairs of carbon atoms m.
electrons, gives rise to the intense optical absorption associated with cyanine dyes [58]. The peak
absorption occurs when the frequency of the driving field matches the resonant frequency of the π
electrons bound to the polymethene chain.
The π electrons in the polymethene backbone also allow the two nitrogen atoms at either end
of the polymethene chain to share their quaternary property. A quaternary nitrogen is one which
forms four covalent bonds, and gains an overall positive charge. When the quaternary property is
shared, the polymethene chain has an overall positive charge in a superposition of two position
states, each localised on the left or right nitrogen atom of the cyanine subunit. In figures 3.1 and 3.2
the left nitrogen is depicted as quaternary, though in reality due to charge delocalisation along the
cyanine, each of the left and right nitrogen atoms of the cyanine subunit are identical.
In the cyanine dyes used here, the quaternary nitrogens are part of ring structures where covalent
chemical bonds form a closed loop (figure 3.1). Hence our molecules belong to the closed-chain
cyanine family (figure 3.2). On each end of the closed-chain cyanine subunit, our chosen molecules
all have benzene rings: rings of six carbon atoms. Benzene rings also contain delocalised π electrons
[59]. These electrons occupy orbitals which span all of the carbon atoms in the benzene ring. The
presence of the benzene rings at the ends of the cyanine subunit increases the size of the region over
which electrons are delocalised, affecting the resonant frequency of the delocalised electrons [32].
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µm
Figure 3.3: The molecular dipole moment of cyanine dyes is aligned alonged the polymethene
backbone of the cyanine, where there are delocalised electrons occupying elongated π orbitals. ‘R’
marks any atoms or groups that vary between the cyanines used here.
The organic backbone of cyanine subunit and the attached benzene rings, is hydrophobic, and is
common to all four cyanines used here.
The four cyanines used here also all share sulphonic acid groups, joined to the quaternary
nitrogens by hydrocarbon chains four carbon atoms long. These acid groups are hydrophilic. In
figure 3.1 the sulphonic acid groups are shown without an associated proton and as a result have an
overall negative charge. The two sulphonic acid groups and the cyanine subunit give each molecule
an overall charge −e. As a result each cyanine forms a salt with a positive ion. These positive ions
are also shown in figure 3.1. Cyanine dyes are supplied as dry, solid salts. Different positive ions are
chosen for different cyanines in order to give a stable ionic compound.
Beyond these common features, our four chosen cyanines differ in important ways. Visible and
near-infrared absorption wavelengths are accessed with different lengths of polymethene chain:
longer chains are associated with less tightly confined charges and consequently lower resonant
frequencies [32]. I used three cyanine J-aggregates absorbing in the visible: J560, TDBC, and J619.
These cyanines have a five-carbon polymethene backbone. The fourth cyanine J-aggregate, J798, has
a seven-carbon polymethene backbone and absorbs in the near-infrared.
The four chosen cyanines also differ by the functional groups attached to the shared backbone
of cyanine and benzene rings, and by the atom (oxygen, nitrogen or sulphur) that forms part of
the cyclic nitrogen groups. These differences give different absorption spectra for cyanines with
polymethene chains of the same length. These small changes in structure change the forces on the
delocalised electrons in the polymethene backbone due to the different electronegativity of different
atoms and groups.
3.2 Self-assembly
Self-assembly of molecules is the spontaneous, non-covalent bonding of several molecules into a
supramolecular structure [60]. The self-assembly process is directed towards a final structure by the
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properties of the individual monomer sub-units. In molecular aggregates, monomer molecules stack
together due to directional attractive forces between monomers, forming a regular supramolecular
architecture [61]. This process does not terminate when a specific structure is complete: monomers
stop binding to the molecular aggregate only when the free energy of the system dictates it.
Self-assembly occurs under several competing forces. The self-assembly process can be nucleated
by a defect or interface, and can also take place within a scaffold [32]. However, here we restrict our-
selves to self-assembly in solution. In solution, there are many non-covalent molecular interactions
involved in self-assembly: van der Waals interactions, electrostatic interactions (including hydrogen
bonding), hydrophobic or solvophobic interactions, and π−π interactions, among others.
The van der Waals interaction is the main driving force behind self-assembly of cyanine dyes.
The delocalised electrons in the benzene-cyanine-benzene backbone give cyanine dyes a large
polarisability in the direction of the backbone (figure 3.3). This polarisability is what gives cyanine
dyes their intense optical response, but fluctuations of this large dipole also give rise to attractive
van der Waals forces which promote self-assembly. This van der Waals interaction can guide the self-
assembly process toward a regular structure because of the directionality of the molecular dipoles:
the strength of the interaction is different for different orientations of the molecules involved.
Other non-covalent intermolecular interactions, such as electrostatic forces, the solvophobic
effect or π−π interactions, can act to promote or oppose self-assembly. Electrostatic forces can be
attractive or repulsive depending on the charge distribution across the cyanine monomers and their
relative position and orientation. Hence, electrostatic forces are different for different monomer
configurations within an aggregate, and can direct self-assembly towards specific architectures. The
solvophobic effect (in water, the hydrophobic effect) acts to aggregate the non-polar (hydrophobic)
regions of monomers together, excluding polar solvent molecules. This minimises the free energy cost
of hydrating a hydrophobic species in a solution, which requires solvent molecules to be removed
from the bulk to form a complex around the hydrophobic species. Forming such a complex has a free
energy cost, because it requires the breaking of hydrogen bonding between solvent molecules. π-π
interactions occur between aromatic molecules or groups, such as the benzene rings which form part
of each of our cyanine dyes. π−π interactions have an electrostatic component (due to the spatial
separation of the atoms, σ electrons and π electrons in the aromatic group) and a van der Waals
component. π-π interactions act to promote the stacking of aromatic groups on top of each other,
like a pile of coins [60]. Hence π-π interactions can direct self-assembly processes toward regular
supramolecular architectures.
In solution, the balance of forces can be controlled by the choice of solvent. Solvents affect the
balance of forces because they interact with monomers and aggregates, and mediate intermolecular
forces. Solvents can shield charges, affecting electrostatic forces and hydrogen bonds. The solvent
also determines the magnitude of the solvophobic interaction, by determining the free energy cost of
removing solvent molecules from the bulk. Therefore, the choice of solvent can determine whether
self-assembly occurs, because it sets the balance of forces that act to promote or oppose self-assembly.
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Another important parameter that determines whether self-assembly occurs is the concentration
of the cyanine dye solution. As the concentration increases, the solvophobic effect favours the
formation of aggregates. This enables the self-assembly of regular molecular architectures guided
by all of the intermolecular forces discussed in this section, with the increased solvophobic effect
making these aggregates stable in solution.
As we saw in chapter 2, J-aggregates are formed when monomers self-assemble in a specific
configuration, such as end-to-end, ladder-like, or brick-like (figure 2.8). In contrast, H-aggregates are
formed when monomers stack vertically, or in a step-like configuration with a small offset (figure
2.8). Controlling the balance of intermolecular forces through choice of solvent or concentration can
change the energetically-favoured configuration of monomers within the self-assembled aggregate.
Hence, different solvents and concentrations can provide control over whether J- or H-aggregates are
formed from a given cyanine dye.
3.2.1 Controlling self-assembly using solvents
There are two aims here: to demonstrate how the choice of solvent affects the self-assembly of each
cyanine dye, and then to identify the spectral signature of the monomer and J-aggregate of each dye.
The J-aggregates were purchased from FEW Chemicals (products S0271 (J560), S0046 (TDBC),
S2278 (J619) and S2284 (J798)). To produce cyanine dye solutions, the chosen solvent was added
to a vial containing the desired weight of cyanine dye. The final dye concentrations, in all solvents,
were 120µM, 160µM, 100µM and 100µM for J560, TDBC, J619 and J798 respectively. Each solution was
formed under gentle stirring or gentle shaking, not sonication. Sonication was avoided because it can
prevent self-assembly completely. Three different solvents were used: ethanol, ultra-pure water, and
aqueous NaCl. Different aqueous NaCl concentrations were used for different dyes to give a stable
solution containing J-aggregates.
The absorbance of the resulting solutions was measured using a Cary 4000 UV-Vis spectropho-
tometer. This instrument uses a white light source and a grating to select and control the wavelength
of the incident light. Each solution was measured in a quartz cuvette with a path length of 1mm.
Absorbance is defined by:





where T and T0 are the transmission of the sample and reference respectively. Here a cuvette contain-
ing only the relevent solvent and no cyanine dye was used as a reference. Hence the final spectrum
gives the absorbance of the cyanine dye only. The absorbance spectrum of each dye changes in
different solvents due to changes in the type of self-assembly (see figure 3.4).
In ethanol at low concentrations, cyanine dyes mostly remain as monomers, with little or no self-









































































Figure 3.4: Absorbance of cyanine dyes in different solvents: (a) J560, (b) TDBC, (c) J619 and (d) J798.
[Credit: measurement by Karla Estévez Varela, Colloid Chemistry Group, University of Vigo (Spain).]
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line: each spectrum has a less intense side peak on the short wavelength side. The wavelength of
each of the main monomer absorption peaks (figure 3.4) is reported in table 3.1. To check that the
absorption spectrum observed in ethanol is due to monomers, we can compare the absorption
spectrum in ethanol with the absorption spectrum in aqueous solvents. As we know from chapter
2, the H-aggregate absorption is blue-shifted with respect to the monomer absorption, and the
J-aggregate absorption is red-shifted, allowing the three species to be identified.
When the polarity of the solvent is increased by changing from ethanol to water, the absorption
spectrum of each cyanine dye changes (figure 3.4). This tells us that there has been a change in the
self-assembly process. In J560 and TDBC, pronounced red-shifted peaks appear in water, at 560nm in
S0271 and 587nm in TDBC. These peaks are red-shifted and narrowed with respect to the monomer.
Therefore we can identify these new peaks as absorption by J-aggregates formed in water due to the
increased polarity of the solvent. In addition to the J-aggregate peak, both J560 and TDBC have a
small amount of absorption at shorter wavelengths, in the spectral region of the absorption observed
in ethanol. This shows that in water there is still a contribution from dye molecules that remain as
monomers.
The other two dyes used in the present study, J619 and J798 do not form J-aggregates in pure
water. Instead solutions of J619 and J798 in water show clear blue-shifted peaks, at 513nm and 563nm
respectively, which we identify as H-aggregates (figure 3.4). Both J619 and J798 in water also show
absorption in the same spectral region as the absorption peak in ethanol, showing that there are
residual monomer molecules in solution in addition to the self-assembled H-aggregates.
When the polarity of the solvent is increased again, from pure water to aqueous NaCl, the
absorption spectrum of each dye undergoes another change (figure 3.4). This heralds another change
in the type self-assembly taking place. Aqueous NaCl is a more polar solvent than pure water, meaning
that replacing water with aqueous NaCl changes the electrostatic interactions between molecules,
due to greater screening of charges by the solvent. Increasing the polarity of the solvent also increases
the strength of the solvophobic interaction, due to the greater difference in polarity between the
solvent and solute. When 50mM NaCl rather than pure water is used for J560, the J-aggregate line
increases in intensity, though a monomer contribution remains. This shows that a larger proportion
of dye molecules are self-assembling into J-aggregates. The J560 J-aggregate peak in 50mM NaCL has
a side peak at around 550nm that does not appear in pure water. This could be due to the formation
in the more polar solvent of two different J-aggregates with different arrangements of monomers,
with slightly different peak absorption wavelengths (see figure 2.8).
In TDBC, increasing the polarity of the solvent causes the TDBC aggregates to crash out of solution
before any change in their absorption spectrum can be observed. Hence no absorption in aqueous
NaCl is reported. When the dyes J619 and J798 are dissolved in aqueous NaCl, of concentration
100mM and 50mM respectively, intense red-shifted peaks appear in the absorption spectrum. This is
due to self-assembly of J-aggregates. Both dyes also show small residual absorption peaks associated
with H-aggregates and monomers in aqueous NaCl, showing that a some dye molecules remain
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in those structures. J798 in 50mM NaCl has the most complex spectrum of all, with absorbing
components from 550nm up to the J-aggregate absorption at 798nm.
Dye H-agg. Abs. Peak (nm) Monomer Abs. Peak (nm) J-agg. Abs. Peak (nm)
J560 - 506 560
TDBC - 521 587
J619 513 555 619
J798 563 663 798
Table 3.1: Absorption peaks of the H-aggregate, monomer and J-aggregate of each of the four cyanine
dyes used.
Taken together, the spectra above allow us to identify the monomer and J-aggregate peaks of each
cyanine dye (table 3.1). I summarise the main self-assembly type of each dye in different solvents in
table 3.2.
Dye Ethanol Water Aqueous NaCl
J560 Monomer J-aggregate J-aggregate
TDBC Monomer J-aggregate -
J619 Monomer H-aggregate J-aggregate
J798 Monomer H-aggregate J-aggregate
Table 3.2: Main self-assembly type of each dye in different solvents, as observed in the absorbance
spectra in figure 3.4.
3.2.2 Controlling self-assembly using concentration
Self-assembly into J-aggregates can be driven by concentration as well as the choice of solvent. One
of the aims of this chapter is to fabricate a thin polymer film densely packed with J-aggregates, by
spin-coating. In order to produce a film with a high density of J-aggregates, I would like to spin-coat
a J-aggregate and polymer solution with as high a concentration as possible. Therefore, I investigated
the formation of J-aggregates under these conditions, moving from the concentrations around 0.1mM
used above to 25mM, and adding poly(vinyl alcohol) (PVA) to the solution. I followed [31] in using
PVA for the polymer matrix of the thin films.
Increasing the dye concentration should drive self-assembly due to the hydrophobic force [60].
Aggregates in solution form complexes in which they are surrounded by solvent molecules which
are bound to the aggregate, and are not part of the bulk solvent. Binding a solvent molecule to
the solute has an entropic cost, as the solvent molecule is removed from the disordered bulk to be
bound to the solute as part of a more ordered structure. This entropic cost promotes the formation of
aggregates, because hydration of an aggregate requires fewer solvent molecules than hydration of
every individual monomer, due to the reduced total surface area when aggregated.
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25mM aqueous dye solutions were produced by adding pure water to a vial containing dry
powdered cyanine dye. In order to dissolve all of the dry dye and create a homogeneous solution, all
solutions were stirred in a vial using a magnetic stirrer bar for several hours.
Figure 3.5: Two glass slides sandwiching dye and
PVA solution.
PVA with molecular weight 86,000-124,000
was bought in powder form from Sigma Aldrich.
To produce a 6 wt % aqueous PVA solution, solid
PVA was added to pure water and stirred at
90◦C for one hour, producing a homogeneous
solution. Each 25mM aqueous dye solution was
mixed with aqueous PVA in a 3:1 ratio by volume.
Dye solution, then PVA solution, was pipetted
into a small vial, which was then shaken gently
for around 1 minute to produce a homogeneous mixture.
The resulting dye and PVA mixtures are too strongly absorbing for their absorbance to be mea-
sured in a cuvette without saturation, even with a path length of 1mm. To identify whether a solution
contains J-aggregates does not require a quantitative measurement of absorbance: an unsaturated
spectrum of any peak intensity below saturation is sufficient. Therefore I measured the absorbance
of a thin (¿ 1mm) liquid layer of dye and PVA suspended between two glass slides pressed together
(figure 3.5). A spectrophotometer (Cary 4000 UV-Vis) was used to measure the absorption spectra of
these samples. The exact thickness of the layer of dye and PVA solution in these measurements is
not known. To reflect this and allow the comparison of spectral features of different measurements,
the measured absorbance values are normalised with respect to the maximum absorbance to give
a maximum normalised absorbance value of 1. These spectra, normalised to the peak measured
absorbance, are shown in figure 3.6, together with the monomer and J-aggregate absorption spectra
in solution measured above (figure 3.4).
For each dye, we see that the main absorption peak of the dye and PVA solution is at the same
wavelength as the J-aggregate absorption. Therefore the high concentration dye and PVA solutions
contain J-aggregates. The dye and PVA solutions also share with the low concentration J-aggregate
solutions the monomer contributions to the absorption spectrum. In TDBC and J798 the J-aggregate
peaks seen in the dye and PVA solutions are broader than the J-aggregate peaks observed at lower
concentrations. This could be due to the formation of several different types of J-aggregates at
18.75mM, each with a slightly different absorption wavelength (see figure 2.9).
I have shown that 25mM aqueous dye and PVA solutions contain J-aggregates. These solutions
are designed to be spin-coated to form solid PVA films densely packed with J-aggregates. This will be





































































































Figure 3.6: Absorbance of high concentration aqueous 18.75mM cyanine dye in 1.5 wt % PVA solution,
for four different cyanine dyes, with low concentration monomer and J-aggregate absorption spectra
for reference: (a) J560, (b) TDBC, (c) J619 and (d) J798.
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3.3 J-aggregate and PVA thin films
Packing J-aggregates into a polymer matrix promises a new group of molecular materials. The
polymer matrix makes the film more robust than a bare J-aggregate, making the fabrication process
compatible with a variety of substrates. In this section I apply a method similar to [31] to several
different cyanine dye J-aggregates.
3.3.1 Fabrication by spin-coating
In order to make solid films of J-aggregate and PVA I spin-coated onto glass substrates a 3:1 mixture
by volume of 25mM aqueous dye solution and 6 wt % PVA solution. Glass substrates are used to allow
optical measurements in transmission and in reflection through the substrate. The glass substrates
were cleaned in acetone and isopropanol, then bathed overnight in 37 wt % aqueous HCl, before
rinsing in pure water. This makes the glass substrates more hydrophilic. This HCl treatment was used
for all substrates after I found variation in the hydrophobicity of different types and batches of glass.
Specifically, the microscope coverslips used here had a higher polish than thicker microscope slide
substrates that were also used. This made the coverslips more hydrophobic, which causes J-aggregate
solutions to bead on the surface instead of forming a thin film (see figure 3.7). After the HCl treatment,
this no longer occurrs.
Figure 3.7: Droplets of J619 on a glass coverslip sub-
strate formed when the HCl treatment of the sub-
strate is omitted and the substrate is only cleaned
in acetone and isopropanol.
When spin-coating, J-aggregate and PVA so-
lution was dropped onto a spinning glass sub-
strate using a pipette. Dropping the dye and PVA
solution when the substrate is spinning helps to
disperse the solution across the substrate before
any drying takes place, yielding a film with a ho-
mogeneous thickness. Spin speeds of 5000RPM
or over are required to overcome the viscosity
of the solution. Below 5000RPM there is a sig-
nificant probability that the solution will cover
only part of the substrate, with radial strips of
film and significant thickness variation due to
surface tension acting close to the edges of these
strips. This coverage problem is present below
5000RPM for a range of volumes of solution
dropped onto the spinning substrate. 30µL to
120µL volumes were tested, with no significant improvement of substrate coverage at higher volumes
for spin speeds below 5000RPM. Therefore 30µL of J-aggregate and PVA solution and 10000RPM spin
speed was adopted here to give the highest probability of producing a homogeneous thin film cover-
ing the entire substrate. Other than a maximum thickness of around 100nm (see section 3.3.2 below),
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Figure 3.8: Absorbance of solid films made by spin-coating an aqueous 18.75mM J-aggregate and 1.5
wt % PVA solution, for four different cyanine dyes, with low concentration monomer and J-aggregate
absorption spectra for for reference: (a) J560, (b) TDBC, (c) J619 and (d) J798.
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a specific thickness is not required, so calibration of thickness and spin speed was not performed.
When the dye and PVA solution is dropped onto the spinning substrate it spreads and covers
the substrate in much less than a second. Spinning is then stopped. Once stationary, the drying of
the film can be observed by eye as a colour change, as the thin film becomes reflective. The full film
(20mm by 20mm) dries within 5 seconds. Drying occurs from the centre of the film outwards.
To determine whether the solid dye and PVA films produced by spin-coating contain J-aggregates,
I measured transmission through the films using a variable angle spectroscopic ellipsometer (J.A.
Woollam, RC2) in straight-through transmission mode (see chapter 4). Transmission through a bare
glass substrate was measured for reference, and an absorbance value was calculated using equation
3.1. This is not the true value for the absorbance of the sample as reflectance is ignored. However this
value is sufficient for identifying the spectral features that we are interested in here. As in figure 3.6, I
do not know the thickness of the sample, so to allow the comparison of different samples I normalise
the absorbance with respect to its maximum value. These normalised absorbance values, derived
from transmission through a solid film, are reported in figure 3.8.
For all four solid films, the main absorbance feature occurs in the same spectral region as the J-
aggregate absorption. This shows that all four dye and PVA films contain J-aggregates. The J-aggregate
absorption feature observed for the solid films is similar in width to the absorption feature observed
in the dye and PVA solutions. This suggests that whatever J-aggregates were present in the dye and
PVA solution have largely been retained in the solid film. Both the solid film and the dye and PVA
solution have broader J-aggregate absorption features than the lower concentration J-aggregate
solutions, whose absorbance is also plotted for each cyanine dye in figure 3.8.
3.3.2 Thickness
The thickness of the J-aggregate films is important: the goal is to excite a surface exciton polariton
(SEP) at the film/air interface, and this requires evanescent coupling between the substrate/film
interface and the film/air interface. This requires film thicknesses between 10nm and 100nm. This
maximum thickness is further limited by the optical properties that support SEPs: SEPs only exist
when there is significant material absorption due to an optical resonance, be it excitonic, plasmonic,
phononic or otherwise. These absorbing optical properties attenuate the evanescent field, making
films with a thickness of tens of nanometres the most desirable for the observation of SEPs.
In order to measure the thickness of the J-aggregate and PVA films, I created a step in each
film by scratching gently using metal tweezers. Due to the relative softness of the film and the
relative hardness of the glass substrate, the tweezers remove the J-aggregate and PVA film without
damaging the glass substrate. Once the scratch has been made, I imaged an area containing the edge
of the scratches using an atomic force microscope. Atomic force microscopy (AFM) is used for two
reasons. First, AFM is highly sensitive to the height profile of a sample. The Agilent 5420 atomic force
microscope used here can resolve height differences of only a few nanometres. Second, AFM provides
an image of an area of the sample, allowing anomalous features on the sample to be identified and
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avoided when calculating the step height. The two-dimensional image of the measured area also
allows many one-dimensional profiles spanning the step to be averaged.
The atomic force microscope was used in tapping mode. In this mode the atomic force micro-
scope cantilever is driven to oscillate at its resonant frequency by applying an AC voltage to a piezo
[62]. When a sample applies force to the cantilever, the frequency of the oscillation of the cantilever
modified, and this is detected via a laser reflected from the back of the cantilever. The height of the
cantilever above the sample is then adjusted so that the frequency of oscillation of the cantilever
is restored to the resonant frequency. This change in height is used to assign a relative height to all
pixels within the measured area. The atomic force microscope tip scans row-by-row to build up a
two-dimensional image of the sample surface.
For a step height measurement, a 50µm by 50µm or 25µm by 25µm area was measured by AFM,
with the edge of the scratch half-way across the image (figure 3.9). The scratch is placed perpendicular
to the scan direction of the cantilever. This means that each pass of the cantilever along the sample
measures a profile of the edge of the scratch. An image resolution of 256 by 256 points was used,
giving a pixel spacing of 195nm in the 50µm images, and 98nm in the 25µm image. This is much
larger than the atomic force microscope tip radius, which is quoted at 10-40nm. However, the 195nm
pixel spacing gives sufficient resolution for a step height measurement, and allows us to recognise
dirt or other anomalous areas on the sample, so that those areas can be ignored when averaging
profiles to estimate film thickness.
Once the AFM image of the step was been measured, the resulting data was processed using the
software Gwyddion before extracting a step height measurement. The first step in this data processing
was to vertically align each row of the AFM image with its adjacent rows. This is required as each row
of the image is scanned in succession, and the measured height can drift when moving from one row
to the next.
After aligning rows, the AFM image is levelled by subtracting a two-dimensional polynomial
background from the measurement. AFM measures the height difference between adjacent pixels
very accurately, but the measured height can drift between further separated pixels. This drift adds
some polynomial background to the actual surface profile. Furthermore, the sample itself may not be
level inside the atomic force microscope, creating a linear tilt in the data. Subtracting a polynomical
background compensates for these two effects. Here, I used a polynomial that is quadratic in the
horizontal scan direction, and linear in vertical direction. Because the rows of the AFM image have
been aligned, I do not need a higher order in the vertical direction. The coefficients of the polynomial
background were determined from the measured profile of the exposed areas of the substrate, which
are flat. These two processing steps reveal the height profile of the edge of the scratch on each
J-aggregate film. These processed AFM images, together with average profiles of specific regions of
each image, are shown in figure 3.9.
These images are used to estimate the thickness of each sample. Two strips of each image are
chosen. Choosing two strips rather than averaging the whole image has two advantages: anomalous
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Figure 3.9: Atomic force microscope images of a substrate to film step in the J-aggregate and PVA
films: (a) J560, (b) TDBC, (c) J619 and (d) J798. Each AFM image is marked with regions 1 and 2:
the average profile of each of these strips is plotted below each AFM image. The substrate and film
heights are marked with dotted red lines. Note that the J560 image is of a smaller (25µm by 25µm)
area.
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features such as dirt can be avoided, and the levelling of the image can be checked: both regions
should give the same film thickness. Within these strips, which run left to right and are marked by
white dotted lines in figure 3.9, areas corresponding to bare substrate and within 10µm of the step
edge are chosen by eye, and the average height of these areas is calculated. This gives an estimate
of the substrate height. The same method is applied to the film area within the same strip to give
an estimate of the film height. The difference in these average height values gives an estimate of
film thickness, which is reported in table 3.3. The error on this thickness estimate is calculated by
considering the independent height estimates that are averaged to estimate the substrate and film
heights. The uncertainty in the film thickness estimate is given by the variance of these mean values.
The standard deviation of the mean of N independent samples, σN , for samples from a normal
distribution with standard deviation σ, is
(3.2) σN = σp
N
Not every measured point in these AFM images can be considered an independent height sample.
The scanning of the atomic force microscope tip across the sample introduces correlations between
subsequent height samples. Here these correlations have a characteristic length of around 1µm or
five pixels. To get a lower bound on the number of independent height samples measured, N , I
divided the total number of averaged points by 25, to impose a 1µm square pixel size. These N values
together with the measured standard deviation of heights (σ), for substrate and film areas, gives the
uncertainty in the height estimate assigned to each area via equation 3.2. These uncertainties are






Table 3.3: Thickness of the J-aggregate and PVA films used in this thesis.
All four films have thicknesses in the range 20-40nm, which is a desirable range for observing
coupling to SEPs.
3.3.3 Morphology
The AFM measurements shown in figure 3.9 suggest that each film has a different surface morphology.
In this section I investigate this morphology on a range of length scales. To do this I begin with AFM
measurements (Agilent 5420 atomic force microscope) of the surface of each film using a silicon
atomic force microscope tip with radius <10nm. Three images are taken in tapping mode with
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progressively smaller sizes 25µm, 5µm and 1µm, with each image containing the subsequent smaller
image. In every image 512 rows of 512 points are sampled. This gives pixel spacing of 50nm, 10nm
and 2nm in the 25µm, 5µm and 1µm size images respectively. Therefore in the 1µm size image, the
tip radius, not the pixel spacing, limits the image resolution.
The imaged areas are chosen randomly, except for avoiding large grains and dirt visible in the
optical microscope attached to the atomic force microscope. The height images are levelled using the
same procedure as used for the data in figure 3.9: rows are aligned, then a polynomial background
(quadratic in the horizontal direction, linear in the vertical direction) is subtracted to level each
height image. These levelled height images are shown in the left-hand column of figures 3.10, 3.11,
3.12 and 3.13.
While the height images of the samples are measured, a phase image is also measured during the
same scan. This phase is the relative phase between the driving signal of the atomic force microscope
cantilever and the oscillation of the atomic force microscope tip. The phase image is largely insensitive
to the height of the surface, but instead it is sensitive to the composition of the film. This is because
the phase image detects changes in the viscoelastic mechanical properties of the measured films,
indicating changes in composition [63]. The raw phase images are processed by aligning the rows of
the scan only. The final phase images are shown in the right-hand column of figures 3.10, 3.11, 3.12
and 3.13.
3.3.3.1 Composition
In both the J560 and PVA material (figure 3.10) and the TDBC and PVA material (figure 3.11), large
bundles of molecular aggregates are visible in both the height and phase images, though the phase
image offers better contrast. In the J560 film these bundles are around 1µm long, and in the TDBC
film they are generally shorter at around 0.5µm long. The term ‘bundles’ is used because many of the
observed structures can be seen to fray or split at their ends, suggesting that they are secondary struc-
tures made up of many elongated molecular aggregates. In both films these bundles are randomly
orientated: the radial direction of the spin-coating is aligned with the vertical in every image, and the
bundles of aggregates do not prefer this direction. These bundles of aggregates, only visible in the
J560 and TDBC films, must be at or close to the film surface, as their shape is visible in the height
images. In figure 3.11f fainter elongated structures are visible, suggesting that the TDBC film could
contain more bundles of aggregates buried further into the film. Similar faint structures are not seen
in the phase images of the J560 film. The large bundles of aggregates might be formed at the film
surface due to self-assembly processes that are specific to the solution/air interface during the drying
of the spin-coated film. In figures 3.10d and 3.11d it can be seen that the density of aggregate bundles
is roughly uniform across the imaged area, though higher density areas can be seen nucleating in the
TDBC film at the top left of figure 3.11d, and to a lesser extent, below the red box in figure 3.11e.
The J619 and J798 films do not appear to contain any large bundles of molecular aggregates,
because the phase images of these materials do not contain any similar high-contrast features.
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Figure 3.10: Height (a-c) and phase images (d-f) of a J560 and PVA film. (a) and (d), (b) and (e) and
(c) and (f) show the same 25µm, 5µm and 1µm regions respectively. The red squares mark the area
shown in the subsequent smaller image. The radial direction of the spin-coating is vertical in every
image.
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Figure 3.11: Height (a-c) and phase images (d-f) of a TDBC and PVA film. (a) and (d), (b) and (e), and
(c) and (f) show the same 25µm, 5µm and 1µm regions respectively. The red squares mark the area
shown in the subsequent smaller image. The radial direction of the spin-coating is vertical in every
image.
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Figure 3.12: Height (a-c) and phase images (d-f) of a J619 and PVA film. (a) and (d), (b) and (e), and
(c) and (f) show the same 25µm, 5µm and 1µm regions respectively. The red squares mark the area
shown in the subsequent smaller image. The radial direction of the spin-coating is vertical in every
image.
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Figure 3.13: Height (a-c) and phase images (d-f) of a J798 and PVA film. (a) and (d), (b) and (e), and
(c) and (f) show the same 25µm, 5µm and 1µm regions respectively. The red squares mark the area
shown in the subsequent smaller image. The radial direction of the spin-coating is vertical in every
image.
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Therefore the J619 and J798 films are likely to contain only individual aggregates or much smaller
bundles of aggregates. The texture observed in the 1µm phase images of the J619 and J798 films
(figure 3.12f and figure 3.13f) is very similar to the observed texture of the J560 and TDBC films away
from the bundles of aggregates (figure 3.10f and figure 3.11f). Therefore this texture might correspond
to a nanocomposite of smaller J-aggregates and PVA, forming the bulk of each film. Therefore I
expect that the J560 and TDBC films contain many smaller J-aggregates within the bulk of the film in
addition to the large bundles of aggregates observed at or close to the film surface.
3.3.3.2 Roughness
Surface roughness can modify the optical response of a material. Surface roughness can be quantified
as the standard deviation (σ) of the distribution of measured surface heights (S):
(3.3) σ2 = 〈(〈S〉−S)2〉
Note that σ is the conventional notation for the standard deviation of the measured surface heights,
or equivalently the root-mean-square roughness [64]. The standard deviation σ quantifies the width
of the distribution of surface heights. Note that this simple metric does not use information about
the height difference between adjacent points on the surface, and hence surfaces with very different
texture can have the same roughness. However,σ is useful for estimating how big an effect the surface
roughness will have on the optical response of a thin film. The effect of roughness on the optical
response of thin films will be revisited in chapter 4.
In table 3.4 I report the roughness (σ) of each of the J-aggregate and PVA thin films, based on the
5µm by 5µm height images in figures 3.10b, 3.11b, 3.12b and 3.13b. In the 5µm by 5µm height images,
the pixel spacing (10nm) and the tip radius (<10nm) are comparable, meaning that the measured
height image is close to the actual surface profile with only features below 10nm size being smoothed
out. The smaller 1µm by 1µm height images are not used, even though the tracking of the actual
surface by the atomic force microscope tip is in principle slightly better. This is because there are
features visible in the larger 5µm and 25µm images that do not appear in the 1µm images - the texture
and therefore roughness of a single 1µm image is not representative of larger areas of each film. The
25µm images are not used for a roughness estimate because the pixel spacing (50nm) is significantly
larger than the atomic force microscope tip radius, which means that the 25µm images do not resolve
all features of the surface (down to the size of the tip radius).
The statistical uncertainty of the measured σ values, δ(σ), is given by
(3.4) δ(σ) =σ 1p
N
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where N is the number of independent height samples used to calculate σ. Here, N is not identical to
the number of pixels in the image. Instead, independent height samples are those separated by at
least the correlation length of the surface [65]. This is because we are estimating the roughness of
the whole sample (assuming it is homogeneous), not just the roughness of the measured area. The
correlation length ξ is the characteristic length over which spatially separated surface heights are
correlated. This roughly corresponds to the lateral size of the corrugation features which contribute
to the surface roughness. The correlation length of each surface is estimated by fitting a Gaussian
to the radial autocorrelation function of the measured surface, using the AFM analysis software
Gwyddion. The width of the fitted Gaussian gives an estimate of the correlation length, which is
reported in table 3.4 along with uncertainties based on the quality of the fit. The correllation length






where L is the length of the edge of the square image, in this case 5µm.





Table 3.4: Roughness and correllation length of each of the J-aggregate and PVA films used in this
thesis.
Table 3.4 shows that all of the films have low roughness of a few nm. This is comparable to a metal
films formed by thermal evaporation, which can have can have roughness of around 1-2nm [66].
The J560 and PVA film has the largest roughness, due to the grain-like features visible in figure 3.10.
Note that the TDBC film has high and low domains, with sizes larger than 5µm, which are visible in
the 25µm height image shown in figure 3.11a. The 5µm image used to calculate the roughness value
includes only a high domain area. Further work is required to determine if high and low domains
occur across the TDBC film, and to characterise this type of surface corrugation. The power spectral
density function of the surface might be a better descriptor than the roughness parameter for such a
surface with corrugation on multiple length scales.
3.3.3.3 Optical Microscopy
For the J-aggregate and PVA films that absorb in the visible we can also investigate film morphology
using optical microscopy. To do this I used the Fourier imaging spectroscopy instrument described
in chapter 5 (figure 5.8), with the removable lense added to form the real image of the sample on the
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Figure 3.14: Microscope images of J-aggregate and PVA thin films in reflectance under critical illumi-
nation by white light: (a-c) 250 µm square area of (a) J560 and PVA, (b) TDBC and PVA and (c) J619
and PVA spin-coated films; (d-f) 10 µm square area of (d) J560 and PVA, (e) TDBC and PVA and (f)
J619 and PVA spin-coated films. (d-f) were taken using a 100x oil immersion objective on the back of
the glass substrate, focused at the interface between the substrate and the thin film. Therefore these
images show the bottom of the film, in contrast to the larger images (a-c) above which were taken
using a standard 4x objective and show the top of the film.
charge-coupled device (CCD) camera. This produced an image of the sample in reflectance under
critical illumination. The sample was illuminated with white light from a tungsten lamp, and the
colour filters of the CCD camera were used to give colour sensitivity in the measured images.
First, I imaged a larger area of each film than was measured above using AFM. To do this I used a
4x objective lens to collect images with size 250µm. These images are shown in figure 3.14a-c, and
give us information about the homogeneity of the films over this larger area. In figure 3.14a, large
grains can be seen in the image of the J560 and PVA thin film as dark spots. Such areas were avoided
both when measuring this film with AFM and when imaging optically using the 100x objective lens.
These grains could scatter SEPs. However, note that these grains are sparsely distributed across the
J560 and PVA sample, and furthermore that the formation of large grains might be prevented by
better control of the self-assembly process in solution. With this in mind I ignore these grains and
focus on the material that surrounds them, as shown in figures 3.10 and 3.14d. Excluding these large
grains, the J560 film looks homogeneous with a texture with characteristic length scale close to the
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0.54µm pixel size of the image. This suggest that the 25µm area imaged in figure 3.10 is representative
of a much larger area of the film. Both the TDBC and J619 films do not show large grains, and have
texture with roughly a 10µm length scale. This is consistent with the AFM images shown in figure
3.11 and figure 3.12. Above 10µm length scales, the 250µm optical microscope images suggest that
the TDBC and J619 films are homogeneous. Therefore again the 25µm areas shown in figure 3.11 and
figure 3.12 can be taken as representative of larger areas of the sample, though with lower confidence
than the more homogeneous J560 film.
A second set of higher magnification reflectance images were taken using a 100x oil immersion
objective lens contacting the back of the glass substrate on which each film is deposited, focussed on
the substrate/film interface. This images the substrate/film interface, the bottom of the J-aggregate
and PVA film, not the air/film interface imaged in 3.14a-c. Therefore the morphology of the film at
this depth within the sample might be different from close to the film surface. Despite this, the 10µm
optical images (figure 3.14d-f) show similar textures to those observed in the AFM height images
(figures 3.10-3.13) and the 250µm optical microscope images (figure 3.14a-c). This suggests that the
changes in colour observed by the optical microscope in both the 250µm and 10µm images is due to
variation in the film thickness, or equivalently the surface texture.
3.3.4 Metallic reflectance
To conclude this chapter, I investigate the reflectance spectrum of each of the J-aggregate and PVA
films. Each film has a distinct colour in reflectance, which can be seen by eye (figure 3.15a).
To quantify this reflectance, I measured the reflectance spectrum of each film at two angles
of incidence, 45◦ and 70◦, using a J. A. Woolam RC-2 spectroscopic ellipsometer. This instrument





























Figure 3.15: (a) J-aggregate and PVA thin films on glass substrates fabricated by spin-coating. (b)
Reflectance at two angles of incidence (45◦ and 70◦) for the same four J-aggregate and PVA films.
58
3.4. CONCLUSION
will be described in detail in chapter 4. Two different angles of incidence help distinguish between
structural colours from interference effects and colours originating solely in the optical properties of
the material. This is because reflectance bands due to structural colours shift at different angles of
incidence as the path length in the sample changes. The measured reflectance spectra are shown in
figure 3.15b.
Each J-aggregate and PVA film shows high (metal-like) reflectance in a narrow wavelength range
close to the absorption of the constituent J-aggregate. The spectral position of these reflectance
bands is not dependent on the angle of incidence, demonstrating that they originate in the optical
response of the consituent J-aggregates, not from interference effects in the thin film. The TDBC
film shows the highest peak reflectance close to 0.6, with the other three J-aggregate films with lower
peak reflectances of around 0.4. Using the thickness measurements above (table 3.3), note that the
magnitude of the peak reflectance is not directly correlated with the thickness of the film: the TDBC
film is the least thick. Therefore, given that the J-aggregate doping concentration is the same in each
film, the differences in peak reflectance must occur due to the different exciton transition dipole
moments of the constituent J-aggregates.
3.4 Conclusion
This chapter describes a generic method for using a cyanine dye J-aggregate and a polymer matrix to
make an excitonic material with metal-like optical properties. First, in order to identify the spectral
signature of the monomer and J-aggregate of each cyanine dye, I measured absorption spectra at
a cyanine dye concentration of around 100 µM. This allows unsaturated absorption spectra to be
measured using a 1mm depth cuvette. At this concentration, controlling the polarity of the solvent
gives control of the formation of J-aggregates. By applying this technique to all four of the cyanine
dyes used here, I identified the monomer and J-aggregate absorption wavelengths of each dye (table
3.1).
To produce a material that is densely packed with J-aggregates by spin-coating, the solution
used for spin-coating should contain a high concentration of cyanine dye, around 20mM, close
to the solubility limit of the cyanine dyes. Here I showed that at this concentration in an aqueous
solution of PVA all four chosen cyanine dyes form J-aggregates: no dissolved NaCl is required to
increase the polarity of the solvent. To measure absorption spectra at these high concentrations,
the dye solution was sandwiched between two microscope slides to form a thin (¿1mm) layer of
solution whose absorption spectrum was measured without saturation. This confirmed that each
high concentration cyanine dye and PVA solution contained predominantly J-aggregates. These
solutions were then spin-coated onto glass substrates to produce solid polymer films containing
J-aggregates - the presence of J-aggregates was confirmed by measuring transmission through the
solid samples.
This demonstrates a generic method for producing excitonic materials using different cyanine
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J-aggregates. The four cyanine J-aggregates chosen here were used to produce excitonic materials
with absorption lines spanning the visible and near-infrared. At 20-40nm in thickness, these films
are an ideal thickness for exciting SEPs, and have small roughness in the range 2-5nm, similar to
metal films [66]. All four films exhibit high, metal-like reflectance in a narrow wavelength band on
the short-wavelength side of the absorption of the constituent J-aggregate, suggesting that these
materials are good candidates for supporting SEPs [44]. The optical properties that give rise to this










OPTICAL PROPERTIES OF J-AGGREGATE THIN FILMS
In this chapter I characterise the optical properties of my J-aggregate and PVA films using several
different methods. First I explore spectroscopic ellipsometry, supplementing the measurements of
ellipsometry parameters with normal-incidence transmission spectra to improve the characterisation
of the thin film optical properties. I consider uniaxial anisotropic models of the samples, and compare
these anisotropic models with the previous isotropic results. Finally, I use unpolarised reflectance
spectra to arrive at the best characterisation of the optical properties of the J-aggregate films. The
resulting optical properties accurately predict the transmission spectrum of each of the J-aggregate
and PVA thin films and confirm that each film can support a surface exciton polariton at a film/air
interface.
4.1 Optical properties of spin-coated J-aggregate and PVA films
The aim of this chapter is to characterise the optical properties of the J-aggregate and PVA films
whose fabrication was described in chapter 3. The optical properties of a material can be quantified
by the relative electric permittivity, the complex number ε. ε describes the response of a material to
an oscillating electromagnetic field. Knowledge of ε can be used to understand and make predictions
about a broad range of optical phenomena: ε can describe propagation and loss experienced by
electromagnetic waves in a material, as well as reflection and transmission, including polarisation
dependence. Together with structural information about size, shape and the layout of structural
elements, knowledge of ε for all materials present is sufficient to determine the interaction of light
with a photonic or nanophotonic structure made of these materials. This includes the trapping of
light in a surface polariton mode: the optical properties characterised here will allow us to check
whether the films can support surface exciton polaritons (SEPs).
The four samples each consist of only two layers: a glass substrate, and the spin-coated J-aggregate
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Figure 4.1: (a) Structure of a J-aggregate and PVA thin film sample (b) Generic optical properties of
a J-aggregate and PVA thin film to illustrate our prior qualitative knowledge of the relative electric
permittivity ε.
and PVA film (figure 4.1a). Glass is transparent across the visible and near infrared, though it becomes
strongly absorbing at around 300nm. Glass therefore has Im[ε] ≈ 0 across the visible and near infrared,
and positive Re[ε] ≈ 2.25, equal to the square of the refractive index. Our spin-coated thin film is a
composite of polymer, which is transparent at visible wavelengths, and J-aggregates, which have
a narrow, intense absorption associated with delocalised excitons. These materials have optical
properties similar to those shown in figure 4.1.b The four samples contain different J-aggregates, so
the absorption peak and corresponding anomalous dispersion feature, where Re[ε] increases with
increasing wavelength, should appear at different wavelengths in each film.
4.1.1 Prior knowledge of ε
The relative electric permittivity ε describes physical properties of a material. Material absorption
occurs when Im[ε] > 0, and material gain occurs when Im[ε] < 0. Therefore we know that Im[ε] ≈ 0 at
wavelengths where our materials are transparent. Furthermore, we work in a linear regime in which
the material cannot contribute any additional energy to the electric field. This means there is no gain,
and Im[ε] ≥ 0 at all wavelengths [49]. Accordingly, figure 4.1b shows positive Im[ε] at the J-aggregate
absorption and where there is residual monomer absorption (which was observed in figure 3.8). Im[ε]
is close to zero elsewhere, where PVA, J-aggregates and monomers are all transparent.
Figure 4.1b also shows Re[ε]. Re[ε] is not independent of Im[ε]: for any material, Re[ε] and Im[ε]
must obey Kramers-Kronig consistency [49]. This states that the real and imaginary parts of ε must
obey:
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where P denotes that we take the Cauchy principle value of the (potentially) badly behaved integral.
Kramers-Kronig consistency enforces causality in a driven oscillator: the amplitude and phase of
a driven oscillator must be consistent with the rate of work done by the driving force. Hence the
material loss is related to the refractive index, or equivalently, Im[ε] determines Re[ε] and vice-versa.
This means that we do not need to independently characterise both Re[ε] and Im[ε]: characterising
one gives some information about the other. Note that the integral in equation 4.1 is over the entire
spectrum. This shows that within a chosen spectral range Re[ε] can be affected by absorption (positive
Im[ε]) in a different spectral range. Therefore, care must be taken when extrapolating Re[ε] from
Im[ε] (and vice-versa) based on knowledge of Im[ε] within a finite spectral range.
To understand the relationship between Re[ε] and Im[ε] described by Kramer-Kronig consistency,
it is useful to describe ε using a sum of Lorentz oscillators. This is possible for any ε: any shape of
absorption line can be described by a sum of overlapping Lorentz oscillators. Lorentz oscillators
are useful here because they give an expression for both Re[ε] and Im[ε] and are Kramer-Kronig
consistent by construction. Therefore, without needing to carefully inspect the integral in equation
4.1, we can understand how absorption anywhere in the spectrum affects Re[ε] in a chosen spectral
range.
We know from the Lorentz oscillator (figure 2.4) that an absorption line in Im[ε] is accompanied
in the same spectral region by a Re[ε] that increases with increasing wavelength. This behaviour of
Re[ε] is known as anomalous dispersion, in contrast with normal dispersion in which Re[ε] decreases
with increasing wavelength. This behaviour can be seen in figure 4.1b, where there is a sharp change
in Re[ε] within the spectral region of the J-aggregate absorption. The anomalous dispersion region of
Re[ε] is always tied to the corresponding absorption line. This is a consequence of Kramers-Kronig
consistency.
Now we consider how Re[ε] is affected by absorption in a different spectral range. We assume
that the optical response of a sample can only be characterised experimentally in a limited spectral
range; here the visible and near-infrared. We will refer to this as the measured range. Absorption in a
material outside the measured range can have two different effects on Re[ε] within the measured
range. The first is to add a constant, positive offset to Re[ε] in the measured range. This occurs
when there is absorption far outside the measured range at much shorter wavelength. Under these
circumstances, Re[ε] in the measured range has a contribution due to the non-resonant behaviour
of a Lorentz oscillator in the low energy, long wavelength limit; a constant offset, as described by
equation 2.19. This is because each absorption line, at much shorter wavelength than the measured
range, can be described by a sum of Lorentzians each of which contributes a constant offset to Re[ε]
in the measured range, the total of which is ε∞. This offset effect is illustrated in figure 4.2a, where a
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Figure 4.2: Example optical properties illustrating how ε∞ and nearby absorption outside the mea-
sured range (shaded region) modifies Re[ε] within the measured range. The horizontal scale is linear
in energy. (a) Optical properties of a material with ε∞ = 2.3, no nearby absorption outside the mea-
sured range, and a Lorentzian absorption line within the measured range. (b) Optical properties of a
material with ε∞ = 2.3, nearby absorption outside the measured range in the ultraviolet and infrared,
and a Lorentzian absorption line within the measured range.
Lorentzian absorption feature at 620nm is superposed onto the constant offset ε∞ = 2.3. This ε∞ can
have contributions from absorption in the middle of the UV or even shorter wavelengths.
Note that absorption far outside the measured range on the long wavelength side has no effect
on Re[ε] in the measured range. This is because on the short wavelength side of a Lorentz oscillator,
Re[ε] tends to zero. This means that, for example, absorption in the far infrared does not affect Re[ε]
within the measured range. This can be understood from an oscillator perspective: a driving field
in the visible oscillates much too quickly to polarise a near-infrared dipole. In contrast, when the
driving field oscillates much slower than the resonant frequency of the dipole, the dipole is able
to keep up with the driving field and oscillates at the same frequency with some phase delay. This
relative phase is described by Re[ε], or equivalently the refractive index.
The second possible effect of absorption outside the measured range is to create a tilt in Re[ε]
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in the measured range. This tilt occurs due to nearby absorption resonances which sit just outside
the measured range (figure 4.2b). Nearby absorption outside the measured range on the short
wavelength side increases Re[ε] within the measured range. As shown in figure 4.2b, the absorption
at 250nm increases Re[ε] at the shorter end of the measured wavelengths and creates a tilt such
that Re[ε] decreases with increasing wavelength. Absorption outside the measured range on the
long wavelength side reduces Re[ε] within the measured range but also creates a tilt such that Re[ε]
decreases with increasing wavelength. This is shown in figure 4.2b where the absorption at 5µm
reduces Re[ε] below ε∞ at 1.8µm. In our molecular materials, we could have both UV absorption
due to electronic transitions and infrared absorption due to vibrational transitions, in either the J-
aggregates or the PVA [49]. Therefore we expect Re[ε] to be tilted with Re[ε] decreasing with increasing
wavelength (see figure 4.1b). All of the prior knowledge discussed here can be used to inform the
experimental characterisation of ε.
4.1.2 Roughness
We know from chapter 3 (table 3.4) that our spin-coated films have slightly rough surfaces with a
standard deviation of surface heights in the range 2nm to 5nm. This roughness could scatter incident
light and affect the optical response of these samples. As I wish to measure the optical response in
reflection and use this to determine the optical properties, I need to take into account the effect of
surface roughness on reflected light. Scattering of light by the surface will be small if the size of the
roughness, σ, is much smaller than the wavelength of light in the material, λ/
p
ε . This gives us a
small roughness condition [67]:
(4.2) σ¿ λp|ε|
When this condition is satisfied, the optical response of a film will be approximately the optical
response of a perfectly smooth film of the same material, with a small correction to take into account
roughness. Notice that the importance of roughness is dependent on the optical properties of the
material: the larger the value of |ε|, the greater the effect of roughness for a given σ. In the visible and
near infrared the J-aggregate and PVA films have σ/λ≈ 0.01 (or less), and therefore |ε| would have to
become very large (103 or larger) to leave the small roughness regime. Hence the optical response
of the J-aggregate and PVA films should be derived mostly from specular reflectance, with a small
correction to take into account surface roughness.
The goal is to perform measurements which will allow me to estimate the optical properties ε
of each of my J-aggregate and PVA thin films. To do this I will use spectroscopic ellipsometry, and a
simpler method based on unpolarised reflectance. These methods are guided by the prior knowledge
of the samples discussed here.
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4.2 Spectroscopic Ellipsometry
Spectroscopic ellipsometry is a standard technique for estimating the optical properties of thin film
samples [68]. In this section I will describe the technique and apply it to the J-aggregate and PVA
films. Spectroscopic ellipsometry has two main steps: measurement of ellipsometry parameters, and
the fitting of a model to the measured data in order to estimate the optical properties, and in some
cases the thickness of thin films.
4.2.1 The ellipsometer
In this study I used a J.A. Woollam RC-2 spectroscopic ellipsometer. This was available in the Univer-
sity of Bristol cleanroom in the School of Physics. This is a dual-rotating-compensator ellipsometer. A
schematic of this instrument is shown in figure 4.3. This instrument opperates in reflectance, though
it is also possible to perform ellipsometry in transmission [69]. The light source is a xenon lamp,
emitting in the range 200nm-2500nm, which pivots around the sample stage. The illuminated spot
on the sample is roughly 5mm in diameter. The spectrometer contains two diode arrays to detect at
different wavelength ranges: a silicon diode array to detect at 200nm-1100nm, and an indium gallium
arsenide diode array to detect at 1100nm-2500nm. The spectrometer also pivots about the sample
in order to collect the specularly reflected light. The source and detector are mechanically linked to
maintain their alignment when pivoting. The pivoting arms allow measurements in reflectance at
angles between 45◦ and 70◦.
Collimated light from the ellipsometer’s xenon lamp passes through an α-BBO linear polariser,
followed by the first achromatic rotating compensator. J.A. Woollam do not publish the specification
of the compensators. A compensator is a waveplate whose rotation creates a periodic time sequence
of linear and elliptical polarisations. After the first rotating compensator, the beam reflects off
the sample and passes through the second rotating compensator and a second stationary α-BBO
polariser (the analyser) before hitting the spectrometer. The second compensator rotates as a different
frequency to the first: a typical ratio of angular frequencies is 3:5. This means that by selecting different

























Figure 4.4: The Fresnel coefficients rp and rs describe the amplitude and phase of the light reflected
from the interface 0/1, relative to the incident field.
output polarisations are measured.
4.2.2 Measured parameters
4.2.2.1 Ψ and∆





= e i∆ tanΨ
where rp and rs are the Fresnel coefficient for the reflectance of p- and s-polarised light respectively
(see figure 2.2) [68]. The Fresnel coefficients are complex numbers that describe the amplitude and
phase of light reflected at an interface relative to the incident light (see figure 4.4), and are derived by
applying the boundary conditions for light at an interface (equations [ref - chapter2]) [47]. Therefore
Ψ is related to the magnitude of the ratio of p- and s-polarised reflectance, and ∆ is related to the
phase difference between p- and s-polarised reflectance. In standard ellipsometry, Ψ and ∆ are
measured at several angles close to the Brewster angle of the sample, and a model is fitted to these
measurements. The Brewster angle is the angle at which p-polarised light is perfectly transmitted at
an interface, with no reflected component (rp = 0) [70]. Several angles of incidence are measured in
order to bring about changes in the path length of the detected light through the sample, giving more
information about the optical properties than a single measurement.
The dual-rotating-compensator ellipsometer is designed to measure the Mueller matrix of a
sample [71]. The Mueller matrix will be described below. In a simpler mode of operation, the dual-
rotating-compensator ellipsometer can measure three parameters N , C and S that are closely related
to the standard ellipsometry parametersΨ and ∆. N , C and S are linear combinations of the intensi-
ties of different frequency harmonics of the compensator rotation frequencies in the output signal of
the spectrometer. N , C and S are related toΨ and ∆ as follows:
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(4.4) N = cos2Ψ
(4.5) C = sin2Ψcos∆
(4.6) S = sin2Ψsin∆
Unlike Ψ and ∆, N, C and S always take a value between -1 and 1, and the ellipsometer measures
each with roughly equal precision. For the J.A. Woollam RC2 used here, this error is roughly ±0.001.
4.2.2.2 Depolarisation
In ellipsometry, the light incident on the sample has a well-defined polarisation determined by the
first polariser and compensator. Depolarisation is the mixing of the polarisation state of the incident
light by the sample. To define depolarisation, I first define the Stokes vector, which I will also use
















〈El 〉2 −〈Er 〉2

The four elements of the Stokes vector are also referred to as the Stokes parameters. These parameters
are the sum or difference of the expectation values of orthogonally polarised electric field compo-
nents: Ex and Ey are the orthogonal linearly polarised electric field components aligned with the x
and y axes (perpendicular to the direction of propagation, z), Ed and Ea are the diagonal and anti-
diagonal electric field components, and El and Er are the left and right circularly polarised electric
field components. This means that the intensity of the beam, and the first element of the Stokes vector,
can be written using any of the three pairs of field values: 〈Ex〉2+〈Ey 〉2 = 〈Ed 〉2+〈Ea〉2 = 〈Er 〉2+〈El 〉2.
The expectation values which appear in the Stokes vector average over the ensemble of pure polarisa-
tion states which constitute a mixed state of polarisation. A selection of simple polarisation states
and their Stokes vectors are shown in table 4.1 for illustrative purposes.






































































Sout are the Stokes vectors of the incident and reflected (outgoing) light respectively.
When D > 0, this tells us that the polarisation of the incident light became mixed upon reflection
from the sample.
In ellipsometry, depolarisation can give us information about the non-ideal properties of the
sample, such as thickness variation of the sample within the illuminated spot [68]. Depolarisation
also occurs when light is reflected from the substrate/sample-stage interface and detected. In order
to measure depolarisation, it must be possible to distinguish between circular and unpolarised
light. This requires the ellipsometer to have a second compensator in the detection path. The
second compensator will transform circular polarisation into linear polarisation, which can be fully
transmitted or extinguished by the analyser, unlike unpolarised light.
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Note that the measured quantities depend on the degree of polarisation. The intensities of fre-
quency harmonics in the output of the spectrometer are proportional to P , and hence depolarisation
affects the measured values of N , C and S. Therefore, fitting a model which is ideal and does not
predict depolarisation, when in fact the sample is depolarising, will result in a bad estimate of the
sample’s optical properties.
4.2.2.3 Mueller Matrix
The dual-rotating-compensator ellipsometer is designed to measure the Mueller matrix [71]. A
Mueller matrix is a 4x4 matrix which can describe any change in the polarisation state of light [72].
Mueller matrices act on Stokes vectors and can fully describe the effect of any optical element on the
polarisation; mapping an incident polarisation to an output polarisation:
(4.10) Sout = MSi n =

m11 m12 m13 m14
m21 m22 m23 m24
m31 m32 m33 m34
m41 m42 m43 m44
Si n
The Mueller matrix contains sixteen parameters, and hence can include much more information than
Ψ and ∆: the Mueller matrix contains information about depolarisation and other more complex
polarisation phenomena such as birefringence [73]. Therefore the Mueller matrix potentially can be
used to improve the estimate of the optical properties. Mueller matrices are used rather than Jones
matrices because a Mueller matrix can describe depolarisation and changes in the total intensity of a
beam of light. This is not possible with Jones matrices.
The complexity of a sample’s polarisation response is reflected in the corresponding Mueller
matrix - depending on the sample, some of the sixteen Mueller matrix elements can be zero. For
example, a sample with isotropic optical properties will always have zeroes in the off-diagonal blocks
of the Mueller matrix [68]. An example of anisotropic optical properties relevant here are uniaxial
optical properties, in which the permittivity is different for fields parallel and perpendicular to a single
optical axis. Note that a sample with uniaxial optical properties and an optical axis perpendicular to
the plane of the sample will also always have zeroes in the off-diagonal blocks of the Mueller matrix
[73]. I will call such materials z-uniaxial. The Mueller matrix of isotropic or z-uniaxial samples, and
hence their full polarisation response, can always be described by three parameters: the unpolarised
reflectance R, andΨ and ∆ (which can be used to derive N, C and S from equations 4.4, 4.5 and 4.6).
(4.11) Mi sotr opi c =

R −RN 0 0
−RN R 0 0
0 0 RC RS




Hence if we measure the Mueller matrix, we are able to verify whether a sample is isotropic or
z-uniaxial by checking whether the off-diagonal blocks of the Mueller matrix are zero. Furthermore,
the off-diagonal blocks contain no information about the optical properties for isotropic or z-uniaxial
materials, so they do not always need to be measured. For birefringent or chiral samples, all of the
Mueller matrix elements can be used to gain information about the anisotropic or chiral optical
properties of the sample [73].
Note that the harmonics in the output of the spectrometer that are measured by the dual-rotating-
compensator ellipsometer correspond to the normalised Mueller matrix elements
mi j
m11
, where i and
j label the row and column respectively. R= m11 cannot be measured using a harmonic in the
spectrometer output: a separate intensity measurement must be made, normalised using a reference
sample with known reflectance. This can be done using the spectroscopic ellipsometer used here.
Note that measuring R gives additional information toΨ and ∆, and the other normalised Mueller
matrix elements.
R is often ignored in ellipsometry. For materials with slowly varying optical properties, R can have
very few spectral features (unlikeΨ and ∆) which means that R conveys only limited information
about the optical properties through a fitting process. However, in J-aggregate films there is a sharp
spectral feature in R with a distinct shape: the metallic reflectance band of the J-aggregate films,
shown in figure 3.15. This means that the reflectance spectrum contains much more information to
guide a fit of the optical properties. A method of estimating the optical properties of the J-aggregate
films based on R, measured at several angles, is discussed in section 4.3 below.
To help develop a physical intuition about the Mueller matrix, note that polarised reflectance
values can be extracted directly from Mueller matrix elements. This can only be done usingΨ, ∆ and
R if the material is isotropic. Rp and Rs are the p-polarised and s-polarised reflectance respectively.
(4.12) Rp = m11 −m12
(4.13) Rs = m11 +m12
4.2.3 Modelling the optical response of thin films
After measuring a set of ellipsometry parameters as described above, we compare the measured
values to a model based on our existing physical knowledge of the sample. This tells us the quality
of the estimate of ε that we use in the model. A sample is modelled by a stack of layers. We use the
index i to label layers in our model of a sample. The i th layer is fully described by its thickness di and
its relative electric permittivity εi . From this ordered stack of layers with known di and εi , we can
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Figure 4.5: (a) Three layer model for smooth thin film on a glass substrate. (b) Rough interfaces can
be replaced by an additional smooth layer with permittivity εE M A , given by equation 4.14. (c) Four
layer model for a rough thin film on a glass substrate.
calculate how electric fields interact with the sample [48]. This includes reflectance, transmission
and field profiles through the structure, as well as the different behaviour of different polarisations.
Models of this type describe smooth layers. However, they can also model rough interfaces using
an effective medium approximation (EMA), where the rough interface is replaced by two smooth
interfaces separated by a region of intermediate permittivity (figure 4.5b). An approximation like this
works best for sample with small roughness, much smaller than the wavelength of the incident light.
As discussed in section 4.1 above, I expect all of our materials, which have roughness in the the range
2-5nm, to satisfy this condition. Therefore an EMA should predict accurately the effect of surface
roughness on the optical response of our samples. The intermediate permittivity of the EMA layer is
calculated from the permittivity either side of the rough interface, using the Bruggeman effective
medium approximation [74]:
(4.14)
ε1 −εE M A
ε1 +2εE M A
+ ε2 −εE M A
ε2 +2εE M A
= 0
where ε1 and ε2 are the permittivity either side of the rough interface, and εE M A is the permittivity
of the effective medium that models the rough layer. We also assume there is an equal volume of
each material in the roughness region where the two media meet at a rough interface. Roughness
is modelled by a single parameter, the thickness of the EMA layer: the optical properties of the
roughness layer are fixed by the adjacent layers and the EMA. Using this approach, both smooth and
rough thin film samples can be modelled. For a smooth thin film on a glass substrate the model has
three layers: glass/film/air (figure 4.5a). For a rough thin film, there is an additional effective medium
layer at the rough film/air interface (figure 4.5c). Here the EMA layer is defined such that it is centred
at the surface of the layer below. Hence half of the EMA layer extends down into layer 1 in figure 4.5c.
This mimics a rough surface whose mean plane is used to define the thickness of the film below.
Although I have measured the roughness of each thin film (table 3.4), I do not set the EMA layer
thickness to these values. The EMA layer only approximates the effect of roughness on the optical
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response of the sample. Therefore its thickness needs to be chosen carefully to give the best possible
agreement between measurement and model. Whether or not the EMA gives an accurate prediction
of the effect of roughness depends on the specific morphology of the surface. Even if the roughness σ
is small according to equation 4.2, different surface morphologies scatter light differently. Therefore,
even for films with well-characterised roughness, using a model with an EMA layer may not give the
best estimate of ε.
4.2.4 Fitting a model to a measurement
Once we have a model of our sample, we can compare its prediction with experimental data. This
can be done quantitatively by defining a distance measure, the mean-square error (MSE):







(NEi −NMi )2 + (CEi −CMi )2 + (SEi −SMi )2+
]
Here n is the number of wavelengths measured, and m is the number of fit parameters. Subscript
Ei denotes the i th experimental data point, and subscript Mi denotes the i th modelled data point.
The pre-factor of 1000 is chosen based on the experimental error of the ellipsometer measurements,
which is 0.001, so that a perfect model will have an MSE of roughly 1. Note that the MSE contains a
square-root and should be called a root-mean-square error, but we follow convention and use the
term MSE. This distance measure is spectroscopic: it quantifies the difference between model and
measurement over a range of wavelengths. If we change the optical properties of any layer in the
model, the prediction of the model will change, and this change will be quantified by a change in
MSE.
Ellipsometry uses a fitting algorithm to minimise the MSE. This requires ε to be parameterised
as a sum of more basic functions, defined by some set of parameters. For example, ε could be
decomposed into a sum of Lorentzian or Gaussian lineshapes, with each lineshape specified by three
parameters: amplitude, width and spectral position. Different methods of parameterising ε and their
relative merits are discussed below. Once ε has been parameterised, a fitting algorithm can be used to
minimise the MSE by varying the parameters of the model. For this chapter I used the ‘CompleteEase’
software from J.A. Woollam, which uses the Levenberg-Marquardt algorithm to minimise the MSE.
In ellipsometry, the fitting of the model parameters is a supervised process. First, a specific
subset of the model parameters are chosen; then the fitting algorithm varies these parameters to
minimise the MSE; and then the resulting ε is checked for its physical validity. These three steps are
repeated until all of the parameters in the model have been optimised (figure 4.6): the final, physically
reasonable value of ε is our best estimate of the optical properties of our material. To get the best
possible estimate of the optical properties using this fitting process, we look to fix as many known
parameters in the model as possible. In our case we know the structure of the model: we know the
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Figure 4.6: Flow chart outlining the process of analysing ellipsometry data using a fitting algorithm,
in order to estimate the relative electric permittivity ε.
order of the layers and their thicknesses (table 3.3), though we can’t set the thickness of the EMA layer
to the measured roughness value, as noted above in section 4.2.3.
4.2.5 Lorentzian Models
The choice of parameterisation used to define ε has a significant effect on the success of the fitting
algorithm in minimising the MSE. Here I will discuss the strengths of two different parameterisations.
A natural way of parameterising the optical properties associated with an absorption resonance
is with a sum of Lorentz oscillators, with amplitudes Ai , widths γi and energies ω0i :




ω20i −ω2 − iγω
The benefit of parameterising the optical properties using a Lorentzian is that the parameters in
the model have a clear physical interpretation in terms of intensity, damping and energy of the con-
stituent oscillators. Furthermore, the optical properties are automatically Kramers-Kronig consistent,
as discussed in section 4.1.1 above. The optical properties shown in figure 4.2b can be parameterised
as a sum of three Lorentzians: the parameters of each oscillator in this model are reported in table
4.2.
In order to capture more complex optical properties such as broadband absorption or asymmet-
ric absorption peaks, additional Lorentzian oscillators can be added. Alternatively, different oscillator
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Oscillator # Ai γi (eV) ω0 (eV)
1 3 0.5 0.4
2 2 0.1 2.0
3 3 1.0 5.0
Table 4.2: Input parameters for the three Lorentzian oscillators that produce the optical properties
shown in figure 4.2b via equation 4.16.
functions can be used to capture the specific lineshape associated a specific type of material reso-
nance, such as a Gaussian lineshape describing inhomogeneous broadening. Any general oscillator
model has the same benefit: direct physical information can be extracted from the model. However,
the optical properties of real materials can require a large number of general oscillators to be summed
in order to parameterise the optical properties accurately, due to the range of physical processes
taking place in the material and the resulting complex shape of any absorption lies. The complex
shape of real absorption lines can make parameterisation in terms of general oscillator functions very
difficult, even with prior knowledge of the absorption spectrum [75]. Furthermore, a model that uses
a sum of a large number of oscillators can be difficult to fit. If such a model contains several spectrally
overlapping oscillators, at a given wavelength several fit parameters can bring about similar changes
in ε. This creates local minima in the MSE that trap the fitting algorithm: the global minimum MSE
is not found, instead only the minimum for a restricted range of values of the model parameters is
found. This can prevent the best estimate of ε from being found.
4.2.6 B-spline models
An alternative means of describing the optical properties of materials is using basis splines, commonly
called B-splines. B-splines are smooth, continuous functions, whose minimum feature size is defined
by a mesh of points called nodes [75]. Therefore, to describe an absorption line with a B-spline, the
node spacing must be smaller than the width of the absorption line. A B-spline is parameterised by
the position of its nodes, and by a vector at each node which guides the spectral shape of ε. This
means they can be used to describe a huge variety of optical properties, rather than being restricted
to a specific spectral shape such as a Lorentzian or Gaussian. The downside of this is that B-splines
do not have a direct relation to physical parameters of the sample, such as absorption energy or
amplitude. However, B-splines can accurately capture subtle features of the optical properties which
would require a large sum of general oscillators such as Lorentzians. Furthermore, the parameters
which define a B-spline are spectrally local: they only affect a spectral range spanning a few nodes.
This is unlike a model of overlapping Lorentzians where a large number of paramaters can influence
ε at a given wavelength. This parameterisation using B-splines can mean that there are fewer local
minima in the MSE compared to a parameterisation using overlapping Lorentzians. It is important to
note that unlike Lorentzian models, B-splines are not Kramers-Kronig consistent by construction, so
Kramers-Kronig consistency must be added as a constraint on the B-splines.
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Figure 4.7: Structure of the model of a glass substrate.
4.3 Characterisation of glass substrates by spectroscopic ellipsometry
Before I can characterise the optical properties of the J-aggregate and PVA thin films, I need to
characterise the optical properties of the substrates separately. I did not simply use database values
for the relative electric permittivity of glass: in case the substrates differ slightly from that value. Such
a deviation would harm the estimate of the optical properties of the J-aggregate thin films. Therefore
I performed spectroscopic ellipsometry of bare substrates: glass microscope slides and coverslips. I
measuredΨ and ∆, and I fit a model of the sample that has isotropic optical properties (figure 4.7).
4.3.1 Depolarisation
When measuring any transparent samples such as glass substrates, it is important to suppress
reflections from the substrate/sample-stage interface. Reflections from this interface are not included
in the models used in ellipsometry, and they are depolarising, so if collected they will modify the
values ofΨ and ∆, and the fit process will give a bad estimate of the optical properties. Reflections
from the bottom of the sample can be randomly scattered and suppressed by roughening the back of
the sample by mechanical etching, but equally successful is to apply a tape with a rough surface that is
index-matched to the transparent substrate [76]. For glass substrates a rough transparent tape applied
























Figure 4.8: Depolarisation by a glass substrate in reflectance at six different angles of incidence, using
the rough tape method to suppress reflections from the bottom of the sample.
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to the back of a glass substrate will suppress reflections, eliminating the associated depolarisation.
I used the rough tape method here, using Scotch brand ‘Magic Tape’. To verify that the rough tape
method worked successfully, I measured the depolarisation by a glass substrate with the rough tape
applied to the bottom, at several angles of incidence. Depolarisation is measured in the course of
measuring the Mueller matrix, and comes down to measuring the minimum transmission through
the second polariser: for zero depolarisation, there will be a setting of the output compensator and
polariser that gives zero transmission. Depolarisation of a glass substrate with rough tape applied to
its underside is plotted in figure 4.8. At every measured angle the depolarisation is zero within the
experimental error. This confirms that the rough tape method has successfully suppressed reflections
from the interface between the sample stage and the glass substrate.
4.3.2 Fitting ε
In order to characterise the optical properties of a bare glass microscope slide substrate, I used the J.A.
Woollam RC2 spectroscopic ellipsometer to measureΨ and ∆ at six angles of incidence: 45◦, 50◦, 55◦,
60◦, 65◦ and 70◦, with an acquisition time of 10s at each angle. The model of the glass substrate sample
includes an EMA layer to model roughness (figure 4.7) and parameterises the optical properties of








where A, B and C are the fitted parameters of the model. Cauchy functions can describe the optical
properties of transparent dielectrics which absorb at shorter wavelengths. As seen earlier in figure
4.2, short wavelength absorption creates a tilt in Re[ε] such that Re[ε] decreases with increasing
wavelength across the measurement region. These decays can be described using Cauchys.
In figure 4.9 I compare the measured Ψ and ∆ to the final fitted model. This shows excellent
agreement across the plotted spectral range. The fit quality between the measured and modelled
Ψ and ∆ is quantified by an MSE of 2.918 in the spectral range 350nm-1000nm. In figure 4.10 I plot
the optical properties of the glass layer in the fitted model, and I compare this to the database value
for a borosilicate class microscope slide. This shows that the fitted ε is similar to the database value,
confirming that the fit algorithm has produced physically reasonable optical properties. Only Re[ε] is
plotted as we assume Im[ε] = 0 in models of transparent materials such as glass.
In order to achieve a good fit to the measurement the model of the substrate must be rough
(see figure 4.7). In smooth models ∆ does not vary with wavelength, such that ∆= 180◦ for incident
angles below the Brewster angle and ∆= 0◦ for incident angles above the Brewster angle. Notice that
the measured ∆ does vary with wavelength, particularly at shorter wavelengths and for angles of
incidence 55◦ and 60◦. This feature can only be described by a rough model. In the Cauchy model the
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Figure 4.9: Measured (solid lines) and modelled values (dashed lines) of Ψ and ∆ at six angles of
incidence for a bare glass substrate.











Figure 4.10: The real part of the relative electric permittivity of the fitted model of a glass substrate,
compared to the database value of the refractive index of a microscope slide (borosilicate glass, Schott
BK7). The imaginary part of the electric permittivity is zero across the wavelength range shown.
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parameters A, B , and C have been fitted as well as the thickness of the EMA layer, σE M A , that models
roughness. These fit parameters are reported in table 4.3 under ’Slide type 1’.
Substrate A B (nm2) C (nm4) σE M A (nm) MSE
Slide type 1 1.504 0.00540 -7.6706x10−5 4.99 2.918
Slide type 2 1.502 0.00515 -3.2471x10−5 0 1.123
Coverslip 1.507 0.00806 -2.3977x10−5 0 2.659
Table 4.3: Cauchy parameters A, B and C , and EMA layer thickness σE M A for the three types of glass
substrates used here. MSE is calculated for the range 350nm-1000nm.
In this work, two batches of 1mm thick microscope cover slips were used as substrates. A third
type of substrate was also used: 0.18mm thick microscope coverslips. A substrate of each of these
three types was characterised by the method above, to ensure that the substrate optical properties
were accurately known for ellipsometry of J-aggregate and PVA films on any of the three substrates.
The final fit parameters for each substrate type are reported in table 4.3. The differences in these
parameters mean that the type 2 microscope slides have lower Re[ε] than type 1 by 0.01 at 600nm,
while the microscope coverslip has a slightly higher Re[ε] than type 1 by 0.04 at 600nm.
4.4 Characterisation of J-aggregate materials using spectroscopic
ellipsometry
4.4.1 Standard ellipsometry
We now move on to spectroscopic ellipsometry of J-aggregate and PVA films on glass substrates. From
the characterisation described above, we have an accurate model of the substrate. We fix the optical
properties of the substrate, and add another layer to the model, to describe the J-aggregate and PVA
film coating the glass substrate (figure 4.11). We can fix the thickness of the J-aggregate and PVA
layer to the measured value reported in table 3.3. We do not include an EMA layer to model surface
roughness of the J-aggregate and PVA films at this stage. I then measureΨ and ∆ of each J-aggregate
and PVA film, so that I can fit the thin film optical properties in the model. I again measure at six







Figure 4.11: Structure of the smooth model of a J-aggregate and PVA thin film on a glass substrate.
The thickness of the J-aggregate film layer is fixed to the measured value (table 3.3).
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4.4.1.1 Depolarisation
After acquisition, the first step is to check the quality of the measurement ofΨ and ∆ by inspecting
the depolarisation by each film at each angle. As before, depolarisation can occur due to reflections
from the bottom of the substrate. To mitigate this the rough tape method was used before measure-
ment. Therefore we assume that any measured depolarisation has another origin. The measured
depolarisation for each J-aggregate film and each angle is shown in figure 4.12. We see that the
depolarisation is below 2% across the range 350nm-1000nm, which is close to the magnitude of
the observed noise on the measurement, with a small peak close to the J-aggregate absorption of
each film. These low depolarisation values verify that the measurements ofΨ and ∆ are good. The
observed peaks in depolarisation close to the J-aggregate absorption occur due to the interaction
between the bandwidth of the ellipsometer’s spectrometer (3nm for the silicon detector working in
the visible) and the J-aggregate absorption. That is, the polarisation response of the material changes
significantly within the detector bandwidth in the spectral region of the J-aggregate absorption, and
the averaging of the changing polarisation response by the detector creates a depolarisation signal.
The material itself may not be depolarising. I will verify that the detector bandwidth is the source
of the observed depolarisation later, once we have a good model of the sample, because we need
a model of the J-aggregate optical properties to model the depolarisation (figure 4.16). It is worth
noting that adding an EMA layer to approximate the roughness of the sample does not introduce
any depolarisation, because the EMA layer is smooth. The approximation that roughness alone isn’t
depolarising is valid for surfaces with small surface roughness (equation 4.2).
4.4.1.2 Fitting ε
By checking that the depolarisation is small, I have confirmed the quality of the measurement of
Ψ and ∆, and I can commence the fit process to identify the optical properties of the J-aggregate
thin films. For this fit process, I parameterise the optical properties using a B-spline. Although the
samples are dominated by the J-aggregate absorption line, that absorption has a complex shape with
several overlapping absorption peaks (figure 3.4), principally due to different types of J-aggregates
and residual monomers. A B-spline is more suited to fitting optical properties of this type because
of its versatility: it can fit complex lineshapes exactly. Producing the same shape using a sum of
Lorentzians can be more difficult and can hinder the fitting process, as described above in section
4.2.5. Given my knowledge of the absorption spectrum of each J-aggregate (figure 3.4), I can set
the node spacing of the B-spline to a value much less than the width of the J-aggregate absorption,
across the spectral region of that absorption. Accordingly, the B-spline nodes are spaced at 0.01eV in
a 200nm wide region spanning the absorption peak of the constituent J-aggregate. Outside of that
spectral region, we know that the films are largely transparent, or at least that we do not expect there
to be any sharp features in the optical properties that require a node spacing as small as 0.01eV. Hence,
the node spacing is increased to 0.1eV outside the J-aggregate absorption region. A B-spline, rather
than a general oscillator function such as a Lorentzian, is used here because of its versitility - it allows
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(a) J560 (b) TDBC
(c) J619 (d) J798
Figure 4.12: Depolarisation at six angles of incidence by J-aggregate and PVA films containing (a) J560,
(b) TDBC, (c) J619 and (d) J798. The depolarisation is generally close to zero, with small peaks close
to the J-aggregate absorption of each film. The peaks occur where the optical response of the sample
changes significantly within the 3nm spectral bandwidth of the spectrometer in the ellipsometer.
the fitting algorithm to fit subtle features of the lineshape of the measured material, if necessary.
After initially fitting a B-spline, we can then attempt to re-parametrise using only Lorentzians, if the
observed lineshape is sufficiently simple.
B-splines, especially the ones used here which have a large number of nodes, have a large
number of fit parameters. However, most of these fit parameters only have an effect on the optical
properties within the spectral region of the next few adjacent nodes. This suggests a powerful fitting
technique. First, the B-spline model is fitted in a narrow range of wavelengths. This is done on the long
wavelength side of the J-aggregate absorption, where we expect the material is transparent. Given
that we have measurements at multiple angles and a transparent material of known thickness, we
achieve a good estimate of the optical properties [68]. Then, the spectral region of the fit is expanded
by a fixed energy interval, towards shorter wavelengths, and the optical properties are fit again across
the expanded interval. These steps are then repeated, fitting every time the fit range is expanded,
until the model has been fitted across the whole of the desired range of wavelengths. In the process
shown in figure 4.6, new fit parameters corresponding to the new wavelengths are added in each
fitting cycle. This method reduces the risk of the fit algorithm getting stuck in a local minimum of the
MSE. This is because the number of B-spline parameters being fitted by the algorithm in any given
81
CHAPTER 4. OPTICAL PROPERTIES OF J-AGGREGATE THIN FILMS
fitted step is effectively reduced: though the longer wavelength parameters are being fit at every step,
the goodness of fit at the newly added wavelengths is largely unaffected by their value. Within the
spectral region in which the long wavelength parameters can have an effect, a good fit has already
been achieved in the previous step, and so the MSE in the expanded range cannot be reduced by
changing the longer wavelength parameters. Therefore, as the spectral region of the fit expands, the
optical properties remain consistent with the previous fit. The size of the expansion step is chosen so
that only two to three new nodes are added in each step.
As is standard practice in ellipsometry, I also apply the physical constraints discussed in section
4.1. That is, I force Im[ε] ≥ 0, as I assume no gain from the materials, and I also force the optical
properties to be Kramers-Kronig consistent using the CompleteEase software. These restrictions help
guide the fit process to a good estimate of the optical properties. I do not include the bandwidth of
the spectrometer in the model calculations, as it is small with respect to the spectral features that
we measure and model, and as a result has a negligible effect on the measurement. A comparison
between the measured data and the B-spline model for each J-aggregate film is shown in figure 4.13,
together with the optical properties of the J-aggregate and PVA film in each model.
There is close quantitative agreement between the measurement and model of Ψ and ∆ for
all four films. The estimated optical properties (figure 4.14) are physically reasonable: at the J-
aggregate absorption of each film, Im[ε] shows the J-aggregate absorption line, and Re[ε] shows the
corresponding anomalous dispersion feature. The estimated absorption lines are seen to be slightly
asymmetric, with broadening on the short wavelength side of the absorption peak, as well as side-
peaks corresponding to monomer absorption. At shorter wavelengths, each film goes transparent -
the films are also transparent at longer wavelengths than the J-aggregate absorption, as expected.
The final physical check on the optical properties is the limiting values of Re[ε] at long and short
wavelengths. In this respect, we see that each material tends to roughly the same long and short
wavelength limiting values. The estimated optical properties are physically reasonable and a good
fit to the measured data. This shows that the fitting algorithm is working correctly. Use of B-splines
is validated: if we try to reproduce the estimated optical properties using a Lorentzian, an exact fit
cannot be achieved with a manageable number of oscillators.
In J619 and J798, the model of Ψ and ∆ deviates from the measured values below 500nm (fig-
ure 4.13). In this spectral region there are several, relatively-low intensity absorption peaks due to
monomer absorption. This absorption creates a small modification of ε which is difficult to fit. How-
ever, we are primarily interested in the optical properties in the vicinity of the J-aggregate absorption,
and we can ignore the poor fit at shorter wavelengths. The J619 model also deviates slightly from
the measured values ofΨ and ∆ on resonance with the J-aggregate absorption. This disagreement is
characterised by a relatively high value of the MSE for a 300nm wavelength region centred on the
J-aggregate absorption, as reported in table 4.4. By only calculating the MSE in this range we ignore
the contribution of disagreement at shorter wavelengths, which for J619 and J798 would dominate
the MSE, masking the information about the quality of the fit in the spectral region we are most
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Figure 4.13: Measured (solid lines) and modelled values (dashed lines) ofΨ and ∆, and the normal-
incidence transmission spectrum of J-aggregate and PVA films containing (a) J560, (b) TDBC, (c) J619
and (d) J798. The model is fitted with respect to the measurements ofΨ and ∆ only.
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(a) J560 (b) TDBC
(c) J619 (d) J798
Figure 4.14: Real and imaginary parts of the relative electric permittivity ε estimated using the
spectroscopic ellipsometry parametersΨ and ∆, for J-aggregate and PVA films containing (a) J560,
(b) TDBC, (c) J619 and (d) J798.
interested in, close to the J-aggregate absorption.
It is unlikely that the deviation of measurement and model for J619 is due to roughness: we know
J619 to be the smoothest of the four films (see table 3.4). We have also found excellent fits for the other
films, including J560, which is much rougher than the J619 film but has similar optical properties
(just shifted to a shorter wavelength). At present, I will not look to update the estimate of the optical
properties by including roughness in the model. For now, I note that an excellent fit to the data has
been achieved with a smooth model, and hence introducing roughness cannot significantly improve
the MSE.
The only film-specific input parameter that could be responsible for the worse fit of the J619 film
compared to the other films is the thickness. AFM measurements of the exact sample used in the





Table 4.4: MSE for the measurements and models shown in figure 4.13 and figure 4.14 for the quoted
wavelength ranges, which are centred on the absorption peak of the constituent J-aggregate.
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(a)
(b) J560





































Figure 4.15: (a) Dependence of the minimum mean square error (MSE) on the model thickness. (b)
Real and imaginary parts of the electric permittivity for models of different thicknesses, fitted to the
same ellipsometry measurement of a J560 and PVA film.
ellipsometer confirm the 38nm thickness estimate. Despite this, I will try fitting alternative models
of the J619 sample which have different thicknesses, to see whether this can improve the fit to the
measured data. I also carry out this proceedure for the J560, TDBC and J798 films for comparison.
Starting from the models shown in figure 4.14, I fit ε again at a range of new thickness values, and
record the MSE of the resulting models. The dependence of the MSE on thickness is shown in figure
4.15a. For each dye, there is a range of thicknesses where the MSE only varies slowly with changes to
the model thickness. For J560 this is 10-30nm; for TDBC it is 10-20nm; for J619 it is 10-50nm; and
for J798 it is 10-40nm. Above these ranges, the MSE increases significantly with thickness. Given our
knowledge of the thickness of each film (table 3.3) the actual thickness of each film falls in the slowly
varying MSE range, close to the upper end of the range. This suggests that MSE testing can provide
an upper bound on the thickness of each film, but that the process of minimising the MSE is not
sensitive to the actual film thickness. This due to the absorptive optical properties of the films [77].
Figure 4.15a tells us that very thin (10-20nm) models of the thin films can be a good fit to the
measured data: we now investigate the optical properties of these thinner models. In figure 4.15b
I compare the optical properties of two models of the J560 film, fitted at two different thicknesses:
first, the measured thickness of 31nm, and second 16nm. This shows that in order for the thinner
model to be consistent with the measured data, the intensity of the material absorption in the
optical properties increases. This is seen in the increase of the amplitude of both the Re[ε] and
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Figure 4.16: Measured (solid lines) and modelled (dashed lines) depolarisation by a TDBC and PVA
film, in reflectance at three angles of incidence.
Im[ε] features when the film thickness is reduced. Hence, I have shown that the intensity of the
material absorption is correllated with the thickness of the fitted model, and that the MSE alone
cannot always distinguish between models of different thicknesses. This means that in order to
accurately estimate the optical properties of a J-aggregate thin film using spectroscopic ellipsometry,
an accurate thickness measurement must be used to fix the model thickness.
Now that we have a first estimate of the optical properties, we can use it to verify that the depolar-
isation peaks observed at the J-aggregate absorption are due to the bandwidth of the ellipsometer.
Including the ellipsometer bandwidth of 3nm in the model and calculating the depolarisation, we are
able to model the observed depolarisation peak. This can be seen in figure 4.16 which compares the
measured depolarisation by the TDBC film and the modelled values based on 3nm bandwidth. For a
perfect detector, depolarisation would be zero. The bandwidth-based model reproduces peaks in
depolarisation with the correct amplitude, width and spectral location for all four J-aggregate and PVA
films. This confirms that significant spectral changes in the optical response of each sample within
the 3nm bandwidth of the ellipsometer are responsible for the observed peaks in depolarisation.
Thickness variation can also contribute to depolarisation. However, 3nm bandwidth and no thickness
variation is a good model of the depolarisation, showing that thickness variation, and therefore its
effect on the measured data, can be neglected.
Above I have reported a first estimate of the optical properties of the J-aggregate films, derived
from spectroscopic ellipsometry and based on a model of a smooth film. We noted that the opti-
cal properties are physically reasonable, based on their qualitative properties: good behaviour in
the short and long wavelength limits, and absorption lines at the wavelengths of the constituent
J-aggregates. In every case, the MSE is fairly low (table 4.4), which corresponds to the excellent
agreement between measurement and model for the ellipsometry parametersΨ and ∆. However,
minimum MSE alone does not guarantee that we have the best possible estimate of ε. We can supple-
ment ellipsometry with other measurements such as transmission to check the values of ε estimated
86
4.4. CHARACTERISATION OF J-AGGREGATE MATERIALS USING SPECTROSCOPIC ELLIPSOMETRY
by minimising the MSE.
To do this I measured the transmission spectrum of each thin film sample using the J.A. Woollam
RC2 spectroscopic ellipsometer in straight-through transmission mode, with the sample mounted
perpendicular to the sample stage to allow transmission to be measured at normal incidence (fig-
ure 4.13). Because I used the same spectrometer for both the spectroscopic ellipsometry and the
measurement of the transmission spectrum, any disagreement between the measured transmission
spectrum and the modelled values should be due to flaws in the model of the samples, not due to
differing detector responses.
The modelling of the transmission spectrum is done using CompleteEase, the J.A. Woollam
ellipsometry software (figure 4.13). These models take into account reflection from both the top and
bottom face of the substrate, unlike the modelling of the ellipsometry data which ignores reflection by
the bottom face of the substrate and exploits the rough tape method described in section 4.2.6. Rough
tape was not applied for transmission measurements. The models of the transmission spectrum also
model loss in the substrate, though this doesn’t affect us here because we work at 350nm and above
where the glass substrates are transparent.
The measured and modelled transmission spectra are plotted in figure 4.13. On the long wave-
length side of the J-aggregate absorption peak, the model agrees with the measurement. The depth of
each dip in transmission is also accurately modelled. However, in every case, the predicted transmis-
sion on the short wavelength side of the J-aggregate absorption is significantly lower than measured,
across a broad wavelength range. This is consistent with the low, broadband absorption seen in Im[ε]
in the current estimate of the thin film optical properties (figure 4.14) on the short wavelength side of
the J-aggregate absorption.
This disagreement between the measured and modelled transmission spectra shows that min-
imising the MSE does not necessarily give the best estimate of ε. Furthermore, it shows that the
current estimate of ε (figure 4.14) needs to be updated, so that the models agree with both the
spectroscopic ellipsometry data and the transmission spectrum.
In order to maintain a fit to the ellipsomtery data while changing the model to also fit the
transmission spectrum, both the modelled structure (the number, order and thickness of each layer)
and the thin film optical properties must be changed. Changing the optical properties alone would
lead to disagreement with the ellipsometry data. This suggests that to improve the estimate of ε, we
should add an EMA layer to the model to take into account the effect of surface roughness, and then
fit the value of ε again.
It is worth noting that the transmission spectrum could be used on its own to estimate the optical
properties, if we could neglect the roughness of the film. That is, for a single, smooth layer, with known
thickness but unknown optical properties that are Kramers-Kronig consistent and have positive
Im[ε], the transmission spectrum of the J-aggregate thin film is enough to pin down the optical
properties. Kramers-Kronig consistency ensures that both absorptive and reflective contributions to
the transmission spectrum at the J-aggregate absorption are taken into account. The transparent
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region of the spectrum at longer wavelengths gives us an estimate of ε∞. Fitting both ε∞ and Im[ε],
the absorption line of the film, while enforcing Kramers-Kronig consistency, gives a unique estimate
of the thin film optical properties. This method is not adopted here, because it cannot distinguish
smooth and rough films, and for a rough film, could give an inaccurate estimate of the optical
properties.
4.4.2 FittingΨ,∆ and transmission together
In this section, I look to improve the estimate of ε for each of the J-aggregate and PVA films by using
both spectroscopic ellipsometry data and transmission data when fitting ε. I also introduce an EMA
layer into the model, and fit its thickness, to try and model the effect of surface roughness on the
optical response of the thin films (figure 4.17). The EMA layer is necessary because I found above
that smooth models of the thin films produce an excellent fit toΨ and ∆, while giving a poor fit to
the measured transmission spectrum. The only fit parameter associated with the EMA layer is its
thickness, as the EMA layer derives its optical properties from the air above it and the film below it.
Note that the thin film thickness gives the distance from the top of the substrate to the centre of the
EMA layer in the models. This is natural because the film thickness is measured with respect to the
mean plane of the sample surface.
In order to use the information provided by the transmission spectrum in the estimate of the
optical properties, I add a contribution to the MSE from the transmission measurement and model.
The MSE is then optimised as before, using the J.A. Woollam ellipsometry software ‘CompleteEase’.
The transmission data weight is an arbitrary parameter, given units of % in the CompleteEase
software, that multiplies each of the transmission data terms in the MSE. Therefore increasing the
transmission data weight increases the importance of fitting the transmission data for achieving a
low MSE. The chosen transmission data weight must balance the contribution to the MSE of the
standard ellipsometry data and the transmission data, so that both influence the fit parameters of
the model, rather than one dataset dominating in determining the fit parameters. To determine
the required transmission data weight, several fits were made at different transmission data weight










Figure 4.17: Structure of the rough model of a J-aggregate and PVA thin film used in this section. The
thickness of the J-aggregate layer is fixed to the measured value (table 3.3).
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fit parameters of the model. It was found that transmission data weights in the range of 4000-6000%
balance the standard ellipsometry data (at six angles) and the transmission data contributions to
the MSE. Outside of this range, the model fits just one data set: below 4000% the model fits only the
spectroscopic ellipsometry data (with deviation from the transmission spectrum similar to figure
4.13) and above 6000% the model will fit the transmission spectrum exactly, disagreeing with the
standard ellipsometry data on the short wavelength side of the J-aggregate absorption. For this
reason, 5000% transmission data weight is used here.
With the transmission data included, the same fit method was followed as above, fitting trans-
parent, longer wavelengths first, then incrementally expanding to shorter wavelengths and fitting at
each step. The B-spline parameters that define ε are fitted, as well as the thickness of the EMA layer.
The thin film thickness is fixed to the measured value (table 3.3). The same physical constraints as
before are applied to the optical properties: Kramers-Kronig consistency, and positive Im[ε].
The results of fitting a model to both SE and transmission data are shown in figure 4.18.Ψ, ∆ and
transmission data, measured and modelled are shown for every film. The same pattern applies to all
four films. On the long wavelength side of the J-aggregate absorption, the model accurately predicts
both the SE and transmission data - as with the model derived from only spectroscopic ellipsometry
data. However, on the short wavelength side of the J-aggregate absorption, the modelled values ofΨ,
∆ and transmission disagree with the measurements. Now that transmission data has been included
in the fitting process, the distance between the measured and modelled transmission is reduced.
However, this comes at the expense of the quality of the fit to the spectroscopic ellipsometry data:
when fitting both SE and transmission data, the fit to the spectroscopic ellipsometry data is worse
than when only spectroscopic ellipsometry data is included in the fit.
The inclusion of transmission data in the fitting process has provided an updated estimate of
the optical properties. These new optical properties are plotted in figure 4.19, together with the first
estimate of ε that was based only on the spectroscopic ellipsometry data. Therefore, we can see that
the main property of the updated estimate of ε is reduced material absorption on the short wavelength
side of the J-aggregate absorption. This increases the amount of light transmitted through the film
in this wavelength region to improve the fit of the model to the transmission measurement. That is,
comparing figure 4.13 and figure 4.18, we see that the updated optical properties give a better fit to
the transmission spectrum on the short wavelength side of the J-aggregate absorption due to lower
material absorption in that spectral region. The reduction in Im[ε] on the short wavelength side in the
updated estimate of ε has a concommitant increase in Re[ε] in the same spectral region. Furthermore,
the intensity of the absorption peak in Im[ε] is reduced in J560, TDBC and J798, improving the fit of
model and measurement at the minimum of the transmission spectrum.
The reason that the predictions of the model have changed in the problematic spectral region on
the short wavelength side of the J-aggregate absorption is purely due to changes in the estimate of
ε: it is not because of the introduction of the EMA layer to model roughness. The thickness of the
EMA layer was included as a fit parameter. The fitting process determined that in every case, zero
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Figure 4.18: Measured (solid lines) and modelled values (dashed lines) ofΨ and ∆, and the normal-
incidence transmission spectrum of J-aggregate and PVA films containing (a) J560, (b) TDBC, (c)
J619 and (d) J798. The model is fitted with respect to all three datasets,Ψ, ∆ and the transmission
spectrum.
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(a) J560 (b) TDBC









































































































Figure 4.19: Real and imaginary parts of the permittivity of J-aggregate and PVA films containing (a)
J560, (b) TDBC, (c) J619 and (d) J798 by two methods: fitting with respect toΨ, ∆ and transmittion
(SE+T, solid lines), or fitting with respect to onlyΨ and ∆ (SE, dashed lines).
roughness provides the best fit to both SE and transmission data. To check this, I created alternative
models which have different EMA layer thicknesses, and I fitted ε at each EMA layer thickness and
recorded the MSE. The thin film thickness is fixed to the measured value (table 3.3). Figure 4.20a
shows the dependence of the MSE on EMA layer thickness. This shows that for every film, the MSE is
minimised by setting the EMA layer thickness to zero when the film thickness is fixed to the measured
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Figure 4.20: (a) MSE of models fitted to both SE and T data, as a function of the thin film thickness.
(b) MSE of models fitted to both SE and T data, as a function of the EMA (roughness) layer thickness.
value.
Up to this point, the thin film thickness has been fixed to the measured value (table 3.3). Could
adjusting the film thickness, together with an EMA roughness layer allow both the SE and transmis-
sion data to be fitted exactly? A correction to the measured thin film thickness could be needed if the
thickness of the films varies across the sample. To test whether such a correction is needed, I created
alternative models of each sample at a broad range of different thicknesses. At each thickness, both
ε and the EMA layer thickness were fitted, and the resulting MSE was recorded. The MSE of these
models of different thicknesses is shown in figure 4.20b. The dependence of the MSE on thickness is
similar for all four dyes. The MSE decreases with decreasing thickness in the range 10nm-60nm. This
means that there is no minimum in the MSE corresponding to the actual thickness - we know the
actual thickness is much larger than 10nm. Below 5nm thickness the MSE increases sharply. Hence
we see that a small, physically reasonable correction to the measured thin film thickness does not
move us to a minimum in the MSE, or significantly reduce the MSE. This suggests that an EMA layer is
not suitable for approximating the effect of surface roughness on the optical response of J-aggregate
and PVA thin films.
These results rule out the possibility of including a rough layer in order to fit both the SE and
transmission data. All of the models of ε reported here parameterise ε using B-splines. This is a generic
function that can precisely reproduce the complex lineshapes associated with real materials. Given
that no B-spline model can be found to fit both the ellipsometry data and transmission data, there is
also no general-oscillator model (such as a sum of Lorentzians) capable of fitting both datasets.
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4.5 Anisotropy in spectroscopic ellipsometry
The above results show that a more complex model of J-aggregate and PVA films is required to
reproduce both the measured ellipsometry parameters and the measured transmission spectrum. So
far, we have assumed isotropic optical properties. Some polymer films, including J-aggregate films,
can be anisotropic [78][79]. Could anisotropy be responsible for the disagreement of our models with
Ψ, ∆ and the transmission spectrum?
Anisotropic optical properties can be detected by Mueller matrix ellipsometry. As noted above in
section 4.2.5, if the off-diagonal blocks of the Mueller matrix are non-zero, the corresponding thin
film must have anisotropic optical properties [73]. To check for anisotropy, the normalised Mueller
matrix of each J-aggregate thin film was measured at six angles of incidence in the range 45◦-70◦. The
magnitude of the largest elements in the off-diagonal blocks of the Mueller matrix are roughly 0.01,
0.005, 0.02 and 0.04 for the J560, TDBC, J619 and J798 films respectively, while the on-diagonal blocks
of all films roughly span the full interval [-1,1]. This means that the off-diaginal blocks are two orders
of magnitude smaller than the on-diagonal blocks. Therefore, we can neglect several types of biaxial
(two orthogonal optical axes) and uniaxial anisotropy [73]. The simplest anisotropy not ruled out by
this measurement is ‘z-uniaxial’: uniaxial with a vertical optical axis aligned in the z-direction (figure
4.21). I will now test z-uniaxial models of the J-aggregate and PVA thin films. Therefore, rather than
a single value of ε, there are two values: the in-plane permittivity εx y and the vertical, out-of-plane
permittivity εz .
Uniaxial optical properties, with a small difference between εx y and εz could arise if the orienta-
tion of J-aggregates and polymers in the film are not totally random. Elongated aggregates or polymer
molecules might prefer to lie flat in the film due to their size, or polymers and aggregates might
interact with the surface of the substrate, giving them a preferred orientation with respect to the
vertical. Both of these phenomena would yield z-uniaxial optical properties. We have observed some
elongated molecular aggregates lying flat in the J560 and TDBC films (figure 3.10 and figure 3.11) -
these aggregates would create uniaxial optical properties. Biaxial properties have been observed in





Figure 4.21: Orientation of Cartesian axes with respect to the sample in the present discussion.
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materials. For now, I will assume that the projections of the J-aggregate and polymer dipoles into the
x-y plane are randomly orientated, and therefore that the film is uniaxial. This assumption is sup-
ported by the AFM images in figure 3.10 and figure 3.11 in which we observed randomly orientated
elongated aggregates.
With this in mind, I tested uniaxial anisotropic models of the J-aggregate thin films against the
measured spectroscopic ellipsometry data and the normal incidence transmission spectra. The
transmission spectrum only contains information about εx y : at normal incidence, the material is
only polarised in the x-y plane. Given that the transmission spectrum includes a transparent region,
as well as an absorption line, the transmission spectrum can give us a lot of information about εx y .
In the transparent region, the background refractive index, ε∞ can be estimated, as any drop in
transmission is due to reflection from the sample due to refractive index contrast at each interface
in the sample. At the J-aggregate absorption, the transmission spectrum gives us the absorption
lineshape of the J-aggregate: both reflection and transmission in this spectral region are taken into
account because Kramers-Kronig consistency is enforced. Therefore, the transmission spectrum
alone provides a good estimate of εx y . By including the spectroscopic ellipsometry data in the fit too,
I can try to gain some information (we will see later how much) about εz . The SE measurements are
not made at normal incidence - therefore they contain information about both εx y and εz . Note that
we need only consider the standard ellipsometry parameters here, despite testing anisotropic models.
This is because the on-diagonal blocks of the Mueller matrix, the only Mueller matrix elements that
are non-zero for these z-uniaxial models, are determined by the standard ellipsometry parameters
(equation 4.11).
The following fitting process was used for the z-uniaxial models. A smooth, isotropic model was
fitted to the ellipsometry data, just as in section 4.2.7, giving the models shown in figure 4.22. This
provides an initial estimate for εx y . Then as a starting point for the anisotropic model I chose to
describe εz using a single parameter: ε∞. This is not intended to be a good, physically informed
value of εz . Instead, this model will help reveal the limitations of the current method. I fixed the
thickness of each thin film to the measured value (table 3.3). Throughout this section I neglect
roughness, and set the EMA layer thickness to zero. Hence the model structure is described by figure
4.11. Kramers-Kronig consistency and positive Im[ε] is enforced on the B-spline that parameterises
εx y . I then fitted this z-uniaxial model to both the SE and transmission data, fitting all wavelength at
once, using a transmission data weight in CompleteEase of 5000% (see section 4.4.2). The predictions
of the fitted model are compared to the measured data in figure 4.22, and the optical properties of
the fitted models are shown in figure 4.23.
The striking feature of the uniaxial models shown in figure 4.22 is that they are an excellent fit
to both SE and transmission data. Unlike previous isotropic models, a good fit to the spectroscopic
ellipsometry data does not come at the expense of a poor fit to the transmission data, including in the
particularly problematic region on the short wavelength side of the J-aggregate absorption. However,
the excellent fit quality does not guarantee that we have a good estimate of the optical properties. We
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Figure 4.22: Measured (solid lines) and modelled values (dashed lines) ofΨ and ∆, and the normal-
incidence transmission spectrum of J-aggregate and PVA films containing (a) J560, (b) TDBC, (c) J619
and (d) J798. The uniaxial anisotropic model is fitted with respect to all three datasets,Ψ, ∆ and the
transmission spectrum.
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(a) J560 (b) TDBC







































































































Figure 4.23: Real and imaginary parts of the relative electric permittivity (ε) estimated by fitting a
uniaxial anisotropic model with respect toΨ, ∆ and the transmission spectrum, for J-aggregate and
PVA films containing (a) J560, (b) TDBC, (c) J619 and (d) J798. Both the in-plane (εx y , solid lines) and
out-of-plane (εz , dashed lines) relative electric permittivity is shown.
must also check that the optical properties of the model are physically reasonable with respect to our
prior knowledge of the system. The optical properties of the present uniaxial models are shown in
figure 4.23. In each dye εx y successfully captures the feature associated with J-aggregate absorption -
the absorption line seen in Im[εx y ], and the corresponding anomalous dispersion feature in Re[εx y ].
As noted before, this is because the transmission spectrum of the film contains enough information
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to determine εx y (when the thin film is modelled as a single smooth layer of known thickness).
The problem with this uniaxial model is the value of εz . Im[εz ] is zero, and Re[εz ] is set at a
constant value ε∞. Therefore, for polarisation in the z-direction the model is a dielectric. This means
there is no J-aggregate absorption for polarisation out of the plane of the sample. This can only be
true if all J-aggregate dipoles are within the x-y plane, with no z component. Given that the samples
are made by spin-coating a solution of PVA and J-aggregates, the samples do not have this perfect
order. Although we observed elongated aggregates in the J560 and TDBC films orientated in the plane
of the sample (figure 3.10 and figure 3.11), I do not expect this to be the case for the majority of the
J-aggregates in each film. A consistent texture was observed in the J619 and J798 films on a 1µm
scale (3.12 and figure 3.13) which we know to contain J-aggregates (figure 3.8). The same texture was
observed in the J560 and TDBC films away from the elongated aggregates. Therefore it is likely that the
films contain mostly J-aggregates that are below 10nm in size. Therefore, a typical J-aggregate is small
in comparison to the film thickness, and will become somewhat randomly orientated when spin-
coated in the polymer matrix. This means that there should be some J-aggregate absorption in the
z-direction in any physically reasonable model of the optical properties, described by a J-aggregate
absorption line in Im[εz ].
Given this physical insight, in an ideal world I would fit two B-splines in the uniaxial model, for
εx y and εz . Unfortunately this is not possible. The fit process, even when using both transmission
and spectroscopic ellipsometry data, is not sensitive to the value of εz . This does not mean that any
value of εz will give the same predictons and the same MSE. Instead, it means that many different
values of εz are consistent with the both the ellipsometry and transmission data [80][81]. Therefore,
the present technique cannot give a good estimate of εz . To gain sensitivity to εz , additional carefully
chosen datasets must be included in the fitting process. For example, transmission measurements as
a function of angle should give information about both εx y and εz , because at non-normal incidence
the electric field of the incident light polarises the material in both the x y-plane and the z-direction.
This approach will not be taken here. Though a uniaxial model can fit the data, this doesn’t mean
that J-aggregate and PVA films are anisotropic. Introducing a uniaxial model gives vastly more ways
for the model to fit the measured data, especially given that a fit to the transmission spectrum can be
achieved almost independently by just choosing εx y , leaving the vast range of possible εz values to
perfect the fit to the spectroscopic ellipsometry data (whose spectral shape is also largely determined
by εx y ). These uniaxial fits are included here for two reasons: to make a methodological point about
the limitations of spectroscopic ellipsometry, and second as an avenue for further study, where the
inclusion of new, carefully chosen datasets could create sensitivity to εz . The apparent disagreement
between isotropic models and the transmission spectrum and spectroscopic ellipsometry data could
be due not to anisotropy but complex features of the samples, such as the specific surface morphology,
or changes in ε at different heights within the film. These effects will not be modelled in this thesis.
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4.6 Best estimate of ε: estimating ε using unpolarised reflectance and
transmission
For our present purposes, we need a best estimate of the optical properties of our thin films. We
will assume that our films are isotropic: given that they were fabricated by spin-coating, we expect
that the constituent molecules are disordered. So far we have seen that models that fitΨ and ∆ are
not consistent with the transmission spectrum. Here, I will ignoreΨ and ∆, and use a new piece of
information: the unpolarised reflectance R. I will estimate the optical properties of the thin films
from R, measured at several angles of incidence. Then I will check the validity of the resulting model
by comparing the model with the measured transmission spectrum.
Up to this point we have used standard spectroscopic ellipsometry data,Ψ and∆, and the normal
incidence transmission spectrum. We saw in equations 4.4, 4.5, 4.6 and 4.11, that Ψ, ∆ and the
unpolarised reflectance R = m11 define the full Mueller matrix of an isotropic or z-uniaxial sample,
and therefore capture the full optical response of the sample in reflectance. R is the only remaining
parameter that we are yet to use to inform the estimate of the optical properties.
As with transmission, I found that R is inconsistent with the ellipsometry data: that is, there is no
model that fits R,Ψ and ∆ together. Interestingly, this disagreement can be found when modelling
just R and N : no smooth or rough isotropic model can reproduce the measured values of both R and
N . This is interesting, because using equations 4.11, 4.12 and 4.13, we can see that N specifies the







Therefore measuring Rp and Rs at several angles would be enough to rule out both the smooth and
EMA models described earlier which only fitΨ and ∆ (note that R = (Rp +Rs)/2).
In order to estimate the optical properties of the J-aggregate thin films using R, I measured the
unpolarised reflectance spectra at six equally-spaced angles of incidence: 45°, 50°, 55°, 60°, 65° and
70°. These spectra were measured using the J.A. Woollam RC2 ellipsometer: the white light source
and spectrometer pivot around the fixed sample stage in order to measure specular reflectance at a
range of angles. A silicon wafer must be used as a reference to normalise the measured reflectance.
Several angles of incidence are measured for the same reason as in ellisometry: to bring known
changes in path length through the layers of the sample, giving more information about the optical
properties than a single measurement. Each sample is modelled as two layers: glass substrate and
J-aggregate film (see figure 4.11). The thickness of the J-aggregate film in each model is fixed to the
value measured by AFM (table 3.3). Hence only the optical properties of the J-aggregate film are
fitted. The few-nanometre roughness layer, that has also been characterised by AFM (table 3.4), is
ignored. The spectroscopic ellipsometry studies above suggest that the EMA roughness layer does
not play a significant role in determining the optical response of the films. The optical properties
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Figure 4.24: Measured (solid lines) and modelled (dashed lines) reflectance and normal-incidence
transmission of J-aggregate and PVA films containing (a) J560, (b) TDBC, (c) J619 and (d) J798. The
modelled values are based on a fit to the reflectance data only.
of the J-aggregate films are described by the same B-spline as before, with a node spacing, defining
a minimum feature size, of 0.01eV in the spectral region of the J-aggregate absorption, to allow
the sharp J-aggregate absorption to be described. I enforce both Kramers-Kronig consistency and
positive Im[ε]. This method yields both the real and imaginary part of the electric permittivity.
The measured and modelled reflectance spectra for each J-aggregate and PVA thin film are shown
in figure 4.24. In each case there is excellent agreement between measurement and model across the
measured spectral range, including on the short wavelength side of the J-aggregate absorption and
on resonance with the J-aggregate absorption. Figure 4.24 also shows the measured and modelled
transmission spectra of each film. Note that the model used here has been fitted to the reflectance
data, but not the transmission data. Nevertheless, there is excellent agreement between the measured
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Figure 4.25: Real and imaginary parts of the permittivity of J-aggregate and PVA films containing (a)
J560, (b) TDBC, (c) J619 and (d) J798 by two methods: fitting with respect to unpolarised reflectance
only (R, solid lines) and fitting with respect toΨ, ∆ and the transmission spectrum (SE+T, dashed
lines).
and modelled transmission spectra, much better than the agreement seen for previous isotropic
models in figures 4.13 and 4.18. In particular, the current model derived from reflectance spectra
does not predict lower transmission than observed on the short wavelength side of the J-aggregate
absorption.
The optical properties of the current reflectance-based model are compared to the previous best
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estimate of the optical properties, based on both ellipsometry and transmission data, in figure 4.25.
This shows that these estimates are very similar. The main difference is that the reflectance-based
estimate has a lower peak Im[ε], and slightly lower Im[ε] over a broad range on the short wavelength
side of the J-aggregate absorption. The limiting values of ε at long and short wavelengths are also
similar. These two methods use completely different data as the basis for fitting. Hence their close
agreement is good evidence that both are good estimates of ε. However, note that the model based
on reflectance is also consistent with the transmission spectrum of each film, and hence that the
reflectance-based model gives the best estimate of the optical properties of the J-aggregate and PVA
films.
Note that using only unpolarised reflectance R , and notΨ and∆, which encode information about
the difference in the optical response for different polarisations, allows the model to be consistent
with the measured transmission spectrum. This suggests that a polarisation specific effect that is not
included in the models is responsible for the disagreement between models based on ellipsometry
data, and the measured transmission spectra. In particular, models based on ellipsometry data predict
excessive loss on the short wavelength side of the J-aggregate absorption - the region where the
materials have negative permittivity. Given that the disagreement is in this spectral region specifically,
it could be that polarisation sensitive methods detect incident p-polarised light coupling to SEPs due
to surface roughness, while this effect is washed out when all polarisations are averaged such as in
the reflectance-based method discussed here.
4.7 Uncertainty in ε
Now that we have an estimate of the optical properties of each of the J-aggregate and PVA materials, I
conclude this chapter by considering the application of my materials in nanophotonics. Specifically
I wish to determine whether my materials can support SEPs. As discussed in chapter 2, a SEP is
propagating mode at the film/dielectric interface which exists when Re[ε] < −ε2, where ε2 is the
relative electric permittivity of the dielectric layer. In this work, I always consider SEPs at a film/air
interface, and therefore the condition for the existence of SEPs is Re[ε] <−1. Figure 4.26 shows Re[ε]
of each film on the short wavelength side of the J-aggregate absorption. This is the spectral region in
which Re[ε] is negative (figure 4.25).
To calculate the uncertainty in Re[ε], note that the intensity of the absorption seen in Im[ε] is
correllated with the film thickness. Although I estimated ε based on reflectance, the J-aggregate
films are thin enough for light to penetrate to the substrate/film interface, making the estimate of ε
accounts for the film thickness. This means that the reflectance-based method for estimating ε gives
an accurate prediction of the transmission spectrum (4.24). The measured thickness (table 3.3) was
used in the fitting process to estimate ε. However these thickness measurements have an associated
uncertainty. Given that thickness is correllated with the intensity of the J-aggregate absorption feature
seen in ε, the uncertainty in the thickness can be propagated to an uncertainty in ε. Particularly
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important here is the uncertainty in Re[ε] where Re[ε] ≤−1, as this spectral region tells use whether
each of my materials can support a SEP.
The minimum of the transmission spectrum of each film, Tmin, is fixed to the value of




where d is the film thickness, and Im[ε]max is the maximum value of Im[ε], which is found at the peak
of the J-aggregate absorption. Assuming that Tmin is fixed, then
(4.20) Im[ε]max ∝ 1
d 2
The amplitude of the anomalous dispersion feature in Re[ε] (the difference between the maximum
and minimum Re[ε] in the visible range) is proportional to the maximum value of Im[ε]. The anoma-
lous dispersion feature in Re[ε] is not centred on Re[ε] = 0. Instead Re[ε] is offset from zero due to the
electrostatic permittivity and absorption outside the measured range (see figure 4.2). This offset is
estimated from the short wavelength value of Re[ε] in each film: at 350nm, Re[ε] ≈ 2.2 in the J560,
TDBC and J619 films (figure 4.25). The same value is used for the J798 film. Therefore at a given
wavelength ω
(4.21) (Re[ε(ω)]−2.2) ∝ Im[ε]max
This equation, together with equation 4.20 yield an equation for propagating the uncertainty in d,
δ(d), to an uncertainty in Re[ε], δ(Re[ε]):






Equation 4.22 and table 3.3 are used to calculate the maximum and minimum Re[ε] shown in
figure 4.26, as well as the uncertainty in the minimum value of Re[ε] reported in table 4.5. This
suggests that the TDBC and J619 materials have a clear Re[ε] <−1 region, in the wavelength range
555-585nm in the TDBC and PVA film, and 600-615nm in the J619 and PVA film. Therefore, these
two films can support SEPs in these wavelength regions. The J560 and J798 films have a less clear
Re[ε] <−1 region. In both materials the minimum value of Re[ε] is closer to -1 than in the TDBC and
J619 materials. This means that the uncertainty in Re[ε] in the J560 and J798 materials is comparable
to the amount by which Re[ε] exceeds -1. That is, δ(Re[ε]) ∼ (−1−Re[ε]). This means that if Re[ε] is
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Figure 4.26: Real part of the relative electric permittivity (Re[ε]) of each J-aggregate and PVA material,
containing J-aggregates (a) J560, (b) TDBC, (c) J619 and (d) J798. When Re[ε] is less the -1, the material
can support surface exciton polaritons. The uncertainty in Re[ε] (dashed lines) is calculated using
equation 4.22.
increased with respect to the estimated value by one standard deviation, the J560 and J798 materials
may only support SEPs at a very narrow range of wavelengths, around 5nm in width. However, we
expect there to be a range of wavelengths for each of the four J-aggregate and PVA materials at which
the material supports a SEP.
Film Re[ε]min Expected SEP wavelengths (nm) Minimum SEP wavelengths (nm)
J560 -1.5 ±0.3 547-557 551-556
TDBC -7.4 ±0.7 555-585 557-585
J619 -2.2 ±0.1 600-615 601-615
J798 -1.2 ±0.1 763-774 767-772
Table 4.5: Minimum value of real relative electric permittivity with its experimental error. Expected
and minimum range of wavelengths at which each material can support a SEP due to Re[ε] <−1.
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Figure 4.27: Real and imaginary parts of the permittivity of J-aggregate and PVA films containing (a)
J560, (b) TDBC, (c) J619 and (d) J798 by fitting a model to unpolarised reflectance data only.
4.8 Conclusion
In this chapter I used spectroscopic ellipsometry to estimate the optical properties of J-aggregate
and PVA thin films, before moving to a method based on unpolarised reflectance, which provided a
better estimate of the thin film optical properties. Two techniques were key to this characterisation:
the use of B-splines to describe the optical properties, and the fitting of measurement and model at
longer, transparent wavelengths first, before expanding the fitted spectral range gradually to cover
the full region of interest. These techniques help the fitting process to avoid local minima and achieve
a good fit to the measured data. Another key part of the characterisation of ε was the use of the
transmission spectrum to check the validity of each any model. This approach is particularly useful
for J-aggregate thin film samples because the transmission spectrum clearly shows the precise shape
of the J-aggregate absorption line. This absorption line must be described accurately by any good
characterisation of ε.
Using these techniques I found that spectroscopic ellipsometry yields optical properties that
are not consistent with the measured transmission spectrum of each film, even when the fit to the
ellipsometry data is excellent. This is true both for smooth models, in which the surface roughness
of the sample is ignored, and rough models in which surface roughness is modelled by an effective
medium approximation. Uniaxial anisotropic optical properties can fit both the spectroscopic ellip-
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sometry data and the transmission spectrum of each film, though a unique uniaxial model cannot be
identified using just these datasets.
Fitting unpolarised reflectance R at several angles of incidence gives a physically reasonable
estimate of the optical properties of each J-aggregate film, that most importantly correctly predicts
the measured transmission spectrum of each film. This distinguishes the unpolarised reflectance
method from spectroscopic ellipsometry, which does not correctly predict the transmission spectra:
spectroscopic ellipsometry can only model the transmission spectrum if it is included in the fit
process and a large number of new free parameters are introduced by including anisotropy. Therefore,
the unpolarised reflectance method provides the best estimate of the optical properties of my
materials (figure 4.27). This characterisation of the optical properties reveals that all four J-aggregate
and PVA materials have a narrow spectral region close to the J-aggregate absorption in which they can
support SEPs due to Re[ε] <−1, taking into account the uncertainty in the estimate of ε. In chapter 5,
I will investigate coupling to SEPs in each of my materials, using the optical properties characterised
here to guide my observations. Finally, note that I have not performed a complete characterisation of
my samples. I have not ruled out anisotropy in the films, though we know that it is not a dominant
effect. Furthermore, note that any physically reasonable model which can reproduce the polarisation
behaviour described byΨ and ∆ cannot reproduce the transmission spectrum or the unpolarised
reflectance R. The spectral region in which this disagreement takes place is where ε is negative or
close to zero. Due to Kramers-Kronig consistency and the accuracy of the models in reproducing
the transmission spectrum, we can be confident of the final estimate of ε in this spectral region, as
ε is strongly dependent on the neighbouring region of absorption. Therefore, the deviation of the
model from the measured values ofΨ and ∆ could suggest a polarisation-specific effect that is not
included in the models, and which is not resolved by my unpolarised reflectance measurements,











COUPLING TO SURFACE EXCITON POLARITONS
In this chapter I investigate the nanophotonics of the J-aggregate and PVA thin films: specifically, cou-
pling to surface exciton polaritons at the film/air interface. In order to observe surface exciton polariton
coupling I implemenet a Kretschmann prism-coupling configuration using an oil-immersion objective
lens, and perform Fourier imaging spectroscopy. I observe coupling to surface exciton polaritons in
all four films, in a narrow spectral region in agreement with the Re[ε] <−1 region of each material
identified in chapter 4. This demonstrates the potential of a new family of excitonic materials, built
from J-aggregates, for applications in soft nanophotonics.
5.1 Coupling to surface polaritons
In chapter 4, I characterised the relative electric permittivity of each J-aggregate and PVA film, ε. In
order to support a surface exciton polariton (SEP) mode, a material must have Re[ε] <−ε2, where ε2
is the relative electric permittivity of the dielectric layer adjacent to the surface of the material (see
chapter 2, section 2.1). In this work we always consider SEPs at a film/air interface: therefore ε2 = 1,
and the condition that a material must satisfy to support an SEP becomes Re[ε] <−1. In chapter 4 I
showed that all four J-aggregate and PVA films have a spectral region in which Re[ε] <−1. Therefore,
we expect that all four films can support SEPs at the film/air interface. In this section, we consider
how to couple incident light to a mode such as a SEP. This discussion provides the basis for the rest of
the chapter in which I describe and implement a specific technique for observing coupling to SEPs:
Fourier imaging spectroscopy.
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Figure 5.1: x-componenet of the wavevector of the incident light, k∥, and the x-componenet of the
wavevector of the surface mode, kx , which propagates in the x-direction at the surface of a material.
5.1.1 Mode-matching conditions
In order for incident light to couple to a mode, the incident light must satisfy mode-matching
conditions which relate the properties of the incident light to the properties of the mode in question
[10]. In order to state these conditions as they apply to surface modes such as SEPs, we must first
define the relevant properties of the incident light and the surface mode.
Surface modes trap light at the surface of a material. They are propagating modes with a direction
of propagation parallel to the plane of the surface. We define kx to be the x-component of the
wavevector of the surface mode, where the x-direction is the direction of propagation (see figure 5.1).
Therefore the x-direction is parallel to the plane of the surface. The real part of kx , Re[kx ], gives the
spatial frequency of the surface mode: the spatial period of the electric field of the surface mode is
given by 2πRe[kx ] . Re[kx ] is equivalent to the momentum of the SEP. The imaginary part of kx , Im[kx ],
tells us the propagation loss from the surface mode due to absorption in the film layer.
The first mode-matching condition relates the x-component of the wavevector of the surface
mode, kx , to the x-component of the wavevector of the incident light, k∥. The notation k∥ is used
because this component is parallel to the surface supporting the mode. Similar to kx , the real part
of k∥, Re[k∥], gives the spatial frequency of the incident light along the x-direction. Therefore the
spatial period of the incident light along the x-direction is given by 2πRe[k∥] . Re[k∥] is equivalent to
the x-component of the momentum of the incident light. Using the above definitions the first
mode-matching condition is:
(5.1) Re[k∥] = Re[kx ]
This condition enforces conservation of momentum in the x-direction, which is equivalent to match-
ing the spatial period of the incident light and the surface mode along the x-direction parallel to the
surface. If the incident light is propagating in a transparent medium with Im[ε0] = 0, then k∥ is a real
number and therefore k∥ = Re[k∥].
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The second mode-matching condition concerns the frequency of the incident light and the
frequency of light in the surface mode. We define the frequency of the incident light as ωin, and the
frequecy of the surface mode as ωmode. The second mode-matching condition is:
(5.2) ωin =ωmode
This condition states that energy must be conserved: the incident light must be resonant with the
surface mode. Only incident light which satisfies both mode-matching conditions (equation 5.1 and
equation 5.2) can couple to the surface mode.
In addition to the two mode-matching conditions stated above, mode-coupling is polarisation
sensitive. The polarisation of the incident light must have a non-zero projection onto the polarisation
of the surface mode in order for incident light to couple to the surface mode. Here we consider
surface polaritons such as SPPs and SEPs. These surface modes are p-polarised: their electric field is
polarised parallel to the plane of incidence, the x-z plane (see figure 2.2). This means that only the
p-polarised component of the incident light can couple to a surface polariton. If the incident light is
s-polarised, polarised perpendicular to the plane of incidence, then even when both mode-matching
conditions equation 5.1 and equation 5.2 are satisfied, the incident light will not couple to the surface
polariton.
5.1.2 Dispersion relations
The dispersion relation of a mode is an expression relating its frequency to its wavevector in the
direction of propagation, via the optical properties of the materials in the structure supporting the
mode. The dispersion relation is important because it gives us an expression for kx in terms of the
optical properties ε and frequencyωmode, and hence tells us what properties incident light must have
in order to satisfy the mode-matching conditions. The dispersion relation of a p-polarised surface
mode at the film/air interface is:





where ωmode is the angular frequency of the mode and c is the speed of light in a vacuum [25] . ε
is the relative permittivity of the material layer supporting the surface polariton (figure 2.1). Note
that equation 5.3 is obtained by substituting the relative permittivity of air (ε2 = 1) into equation 2.6,
dropping the subscript from ε1 for simplicity.
Different spectral regions of the dispersion relation correspond to different mode types. This is
because of the spectral dependence of ε: the value of ε in a given spectral region determines the type
of mode described by the dispersion relation. In table 5.1 I detail the conventional categorisation
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Mode ε kx kzi Description
Fano












Re[ε] ¿−1 Re[kx ] À Im[kx ] Re[kzi ] ∼ Im[kzi ] Low confinement,
low damping
Im[ε] À Re[ε]
Table 5.1: Conventional categorisation of surface mode types [82][44][83]
of different surface mode types [82][44][83]. In figure 5.2 I plot the dispersion relations and optical
properties of each J-aggregate and PVA film. I also plot the light line, k =ω/c, for comparison with
the surface mode dispersion. The light line gives the dispersion of light in a vacuum propagating
parallel to the surface in the x-direction. Using table 5.1 we can identify the type and properties of
the surface modes supported by J-aggregate and PVA thin films in different spectral ranges. Due to
the qualitative similarity in the optical properties of each of the J-aggregate and PVA films, all four
films display the same changes in surface mode type, created by the resonant optical properties of
the constituent J-aggregates.
First consider the non-resonant properties of the J-aggregate and PVA films, well outside the
spectral region of the J-aggregate absorption. In these non-resonant spectral regions, the J-aggregate
and PVA materials are transparent with Im[ε] ≈ 0 and Re[ε] > 0, and the surface mode is Brewster
type. This Brewster mode corresponds to p-polarised light transmitted through the film, with no
reflected component at the surface. This occurs at the Brewster angle of a transparent dielectric. The
dispersion of the surface mode in the Brewster regions is always on the low momentum side of the
light line.
As we move from the long wavelength, transparent Brewster region of the J-aggregate materials to
shorter wavelengths, we move into the resonant region where absorption increases due to J-aggregate
absorption. This is shown by an increase in Im[ε], which bends the surface mode dispersion towards
the light line as the Brewster mode becomes more lossy, and light transmitted through the film is
attenuated by material absorption. On the short wavelength side of this lossy Brewster region, the
surface mode becomes evanescent where the surface mode dispersion crosses the light line. This
evanescent region is very narrow and corresponds to the unshaded region on the long wavelength
side of the SEP region marked figure 5.2. In this evanescent region the mode is confined to the surface,
with its spatial extent in the z-direction on the order of a wavelength. The evanescent mode also
experiences high propagation losses, with propagation length also of the order of a wavelength.
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Figure 5.2: Dispersion relations of surface modes at a film/air interface of J-aggregate and PVA
materials calculated using equation 5.3 and the optical properties characterised in chapter 4 (figure
4.27) which are also plotted here. The SEP and Brewster regions in each material are highlighted. (a,b)
J560 and PVA, (c,d) TDBC and PVA, (e,f) J619 and PVA (g,h) J798 and PVA.
On the short wavelength side of the narrow evanescent region we move into the SEP region. In the
SEP region, the dispersion moves further to the right of the light line, before bending back towards
the light line at the short wavelength end of the SEP region. The SEP mode cannot be identified with
a single mode type from table 5.1. Although Re[ε] <−1, the SEP is not a Fano mode, because the real
and imaginary parts of ε have a similar magnitude in the SEP region. This also means that the SEP is
not purely a Zenneck mode. Instead, the SEP is an intermediate mode type, sharing Re[ε] ∼ Im[ε]
with evanescent modes, and sharing Re[ε] <−1 with Fano and Zenneck modes. This means that a
SEP is a propagating surface mode like the Fano and Zenneck modes, with some propagation loss
due to Re[ε] ∼ Im[ε], but with high confinement of the electric field perpendicular to the surface like
a Fano mode.
As we move out of the SEP region on the short wavelength side, the surface mode becomes
evanescent: −1 ≥ Re[ε] ≤ 0 and Im[ε] ∼ |Re[ε]|. This evanescent mode is associated with the back-
bending region in which the dispersion moves from right to left with decreasing wavelength, crossing
from the high momentum side of the light line to the low momentum side. The evanescent mode
exists in the unshaded region on the short wavelength side of the SEP region of each J-aggregate
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material (figure 5.2) [82]. This evanescent region gives way to a Brewster region with decreasing
wavelength as Re[ε] becomes positive. At the longer wavelength end of this Brewster region, the
Brewster mode is lossy due to absorption by J-aggregates and monomers, and this results in surface
mode dispersion closer to the light line. These losses decrease with decreasing wavelength, so that the
dispersion of the surface mode moves away from the light line, before bending to take on a positive
gradient in the region of low loss. In the J560 film, the distinct monomer absorption peak in Im[ε]
creates a peak in the dispersion relation around 2.4eV and 520nm. A similar but much smaller effect
can be seen in the TDBC material at around 2.35eV and 530nm.
Figure 5.2 shows that the dispersion of the surface mode of a J-aggregate and PVA film can
be divided into Brewster, evanescent and SEP type spectral regions, corresponding to modes with
different characteristics and a different range of values of Re[kx ]. Therefore satisfying the mode-
matching conditions in each of these regions will require incident light with different properties. In
the following section, we consider how to couple incident light to the SEP region which sits on the
high momentum side of the light line.
5.1.3 Prism-coupling
Above I stated the mode-matching conditions, equations 5.1 and 5.2, which must be satisfied in order
for incident light to couple to a mode. Note that these conditions are satisfied at the point where the
dispersion relation of the incident light crosses the dispersion relation of the mode. Above we noted
that the SEP dispersion is always on the high momentum side of the light line. This means that the
dispersion of light in the vacuum never intersects the surface mode dispersion within the SEP region,
as the light line is always at lower momentum. Therefore, incident light from the vacuum cannot
couple to SEPs. For this reason, SEPs and surface polaritons in general are described as non-radiative.
Changing the angle of incidence of light in the vacuum never allows the dispersion of the incident
light to intersect the SEP dispersion. This is because the light line corresponds to light propagating
parallel to the surface: light propagating at any other angle to the surface has a smaller k∥, moving its
dispersion further from the SEP dispersion.
In order for the dispersion of the incident light to be on the high momentum side of the light line
in the SEP region, we need to use prism-coupling. In prism-coupling, the incident light propagates
in a transparent dielectric with a refractive index n > 1. When prism-coupling is implemented, the






where θ is the angle of incidence in the x-z plane, as shown in figure 5.3. This dispersion relation
sits on the high momentum side of the light line if n sinθ > 1. This means that the angle of incidence




, for the dispersion of the incident light to
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Figure 5.3: The Kretschmann prism-coupling configuration. The thin film supporting the surface
polariton is deposited directly onto the glass prism. The electric field profile through the structure is
shown on the right-hand side: the incident field must penetrate the thin film in order to couple to
the surface polariton, which creates a maximum of |Ez | at the film/air interface.
also sit on the high momentum side of the light line. For a sufficiently high refractive index, all points
in the SEP dispersion region can be reached by adjusting the angle of incidence θ within the range
θc < θ.
Prism-coupling can be implemented in two different ways: the Kretschmann [25] and Otto [10]
configurations. In this thesis I use the Kretschmann prism-coupling configuation. This scheme is
shown in figure 5.3. In the Kretschmann configuration, a thin film is deposited on a thick layer of
glass (the prism), which forms the incident medium. Incident light is able to couple to the surface
polariton if the film is thin enough to allow evanescent fields to penetrate from the prism side to the
air/film interface.
5.1.4 Observing coupling using reflectance
When the mode-matching conditions are satisfied and incident light couples to a mode, energy is
transferred from the incident field to the mode. We can use this effect to determine when coupling
occurs by illuminating a photonic structure with incident light of a known intensity, polarisation, k∥
and ωin, and then recording the intensity of the same beam after its interaction with the photonic
structure. If the incident light couples to a mode of the structure, energy will be lost from the beam
and this can be detected.
Such a measurement can be performed in reflectance [25]. To do this, reflectance from a thin film
of material is measured as a function of angle in the Kretschmann prism-coupling configuration. The
frequencyωin is fixed to a value in the SEP dispersion spectral region. This means that controlling the
angle of incidence controls k∥. At angles for which k∥ 6= kx the reflectance takes on some background
value set by the reflectivity of the thin film and the optical response of the prism. However, when
the angle of incidence reaches the value at which k∥ = kx , if the incident light is p-polarised it will
be coupled into the SEP mode and not reflected. This creates a dip in p-polarised reflectance, with
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Figure 5.4: Modelled p- and s-polarised reflectance (Rp and Rs) of 575nm light from a 40nm thick
gold film, in a Kretschmann prism-coupling configuration. The optical properties reported in [50]
were used. There is a dip in p-polarised reflectance at 45.5◦ corresponding to SPP coupling.
a minimum at the angle of incidence for which k∥ = kx . S-polarised light cannot couple to surface
polaritons, so there is no dip in s-polarised reflectance.
As an example, we consider the reflectance of 575nm light from a 40nm thick gold film in the
Kretschmann prism-coupling configuration, using a glass prism with n = 1.52. Figure 5.4 shows the
modelled values for the p- and s-polarised reflectance in this configuration. The wavelength of 575nm
is chosen as the gold film supports a surface plasmon polariton (an SPP, analogous to an SEP) at this
wavelength. At most angles, for both p- and s-polarisation, the reflectance from the film is around
0.6-0.8. This is due to the high reflectivity of gold at visible wavelengths. At the angle 45.5◦ there is
a dip in p-polarised reflectance. This dip occurs at the angle at which the momentum-matching
condition (k∥ = kx ) is satisfied. Note that there is no dip at the same angle in s-polarisation. This
is because surface polaritons are p-polarised, and therefore s-polarised light cannot couple to the
SPP at any angle of incidence. Figure 5.4 shows the signature of coupling to surface polaritons in
general, either SPPs of SEPs: a dip in p-polarised reflectance for an angle satisfying k∥ = kx , with no
corresponding dip in s-polarisation.
5.2 Fourier microscopy
Above we identified a method for observing coupling to a mode of a photonic structure by measuring
reflectance as a function of angle. I will now describe one method of making such a measurement:
Fourier microscopy. In Fourier microscopy, information about the angular reflectance of a sample is
extracted from the Fourier transform of the real image of the sample: the Fourier image [70]. For a
given wavelength, the angle of incidence at the sample maps to a position in the Fourier image. The
Fourier image can be created at the back focal plane of a single lens if the sample is placed at the














Figure 5.5: Formation of the Fourier image of S in the plane F, using the thin lens in plane L.
more easily. Below I explain this technique in detail, including the implementation of Kretschmann
prism-coupling in a Fourier microscope.
5.2.1 The Fourier plane
The first step in describing Fourier microscopy is defining the Fourier plane. The Fourier plane F
can be described with respect to the source plane S, and a lens in the plane L (figure 5.5). In the
source plane, there is a propagating electric field ES(x, y), with a wavevector with magnitude k. The
amplitude and phase of this electric field are a function of position (x, y) in the source plane. The
Fourier plane is a second plane parallel to the source plane, at a distance 2 f from the source plane.
Between the object and Fourier plane, a distance f from both the source and Fourier plane, is a thin
lens with focal length f .
The electric field in the Fourier plane is determined by three sequential processes: free space
propagation from the source plane to the thin lens, the addition of the quadratic phase by the lens,
and free space evolution from the lens to the Fourier plane. The Kirchoff diffraction integral can
be used to calculate the how a propagating electric field evolves along the direction of propagation.
Based on the Huygens-Fresnel principle [48], the Kirchoff diffraction intergral works by summing the
contribution of every point in the source plane to determine the field in a second, spatially separated
plane of observation at a distance Z . Considering the field in the x-direction only for simplicity, the
Kirchoff diffraction integral for light with a wavevector of magnitude k is:








where E0(x) is the field in the source plane, and E1(X ) is the field in the plane of observation. The
integral sums over all points on the source plane. The coordinate x labels positions in the source
plane, and the coordinate X labels positions in the plane of observation. The function φ(x) is a
quadratic phase (provided Z À x and Z À X ):
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(5.6) φ(x) = x
2
2Z
determined by transverse position in the source plane.
To calculate the electric field in the Fourier plane, two Kirchoff integrals are required, first to
evolve the field from the source plane to the lens, and then to evolve the field from the lens to the
Fourier plane. At the lens itself, the electric field acquires a quadratic phase of −i kx
2
2 f . Given the
specific placement of the lens a distance f from both source and Fourier plane, the quadratic phase
from the lens cancels the quadratic phases φ(x) from both Kirchoff integrals exactly, yielding the
following expression for the field in the Fourier plane:









ES(x)dx = F [Es(x)]kx
where F [Es(x)]kx is the Fourier transform of Es(x) for conjugate variable kx = k Xf . Therefore the
electric field in the Fourier plane, EF (X ), is the Fourier transform of the field in the source plane, with
conjugate variable kx = k Xf .
In order to understand why the Fourier plane is useful, we need to inspect the conjugate variable
k X





where θ is the angle (depicted in figure 5.5) between the z-axis and the direction of propagation of a
component of the light in the source plane. This tells us that all fields in the source plane propagating
at an angle θ with respect to the z-axis arrive at the Fourier plane at position X . Therefore, a direction
of propagation in the source plane is uniquely mapped to a position in the Fourier plane.
This means that by reflecting light of a sample, and using a lens to form a Fourier image of the
sample in the Fourier plane, we can measure reflectance as a function of angle by measuring intensity
as a function of position in the Fourier plane. Each angle of incidence/collection corresponds to a
position in the Fourier plane, according to equation 5.8. The reflected intensity measured at a point
in the Fourier plane tells us the reflectance of the sample at a specific angle of incidence.
5.2.2 The Fourier microscope
From figure 5.5 we can see that the maximum angle collected by the lens from the source plane S






















Figure 5.6: Schematic of the Fourier microscope.
Therefore, to measure reflectance at a large range of angles, it is desirable to use a lens with a large
numerical aperture. Within the practical constraints of a typical optics experiment, this requires the
use of an objective lens with a high numerical aperture and short focal length.
When using a high numerical aperture objective lens, it can be difficult to measure the field
intensity in the back focal plane of the objective lense due to the spatial constraints imposed by the
physical size of the associated optics. Therefore, to measure the field intensity in the Fourier plane,
we need to create an image of the back focal plane of the objective at another other point in space.
Furthermore, we may wish to magnify the Fourier image. In a Fourier microscope, the back focal
plane of the objective lens is imaged using two more lenses after the objective lens (figure 5.6). These
two lenses form a telescope, which creates a magnified image of the Fourier plane of the objective in
plane F’. The magnification is given by f2/ f1. The system of three lenses (objective and telescope)
can also be understood from the perspective of Fourier transforms. Each lens creates in its back focal
plane the Fourier transform of the field in its front focal plane. Therefore the field in plane F’ is given
by
(5.9) E(X ) ∝ F [F [F [E(x)]kx ]x ′ ]kx′ ∝ F [E(x)]kx′
where we have used the identity F [F [ f (x)]kx ]x =− f (x). In the image of the Fourier plane at F’, the
conjugate variable kx ′ = k X ′f
f1
f2
gives us the relationship between position and angle of incidence in
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where f2/ f1 is the magnification of the telescope. Notice that the mapping from angle of incidence at
the sample to position in the Fourier plane is the same as for a single lens, except that the Fourier
image has been expanded by the magnification of the telescope. Hence, measuring reflectance at
each position in plane F’ gives us the angular reflectance of the sample. Crucially, the introduction
of the two-lens telescope allows us to use a high numerical aperture objective lens, so that we can
measure angular reflectance at large angles using the Fourier plane.
5.2.3 Illumination
For a reflectance measurement, the sample is illuminated from the same side as the collection optics
using a beam splitter, labelled BS in figure 5.6. The illumination plane I contains a light source. The
sample is illuminated by forming the real image of the illumination plane I in the sample plane S.
This is called critical illumination. This can be done using two pairs of lenses. Lenses LI1 and LI2
create an image of the illumination I in plane I’. Then, lens LI3 and the objective lens L form an image
of I’ in S, and by extention, an image of I is formed in S. This means that the illumination spot size
on the sample in S is set by the size of the light source in I, multiplied by the magnification of the
four lens system of LI1, LI2, LI3 and L. The illumination spot size can be controlled by placing an
adjustable iris in plane I’.
5.2.4 Polarisation and the Fourier Microscope
Surface polaritons are p-polarised. As discussed in section 5.1.4, both p- and s-polarised angular
reflectance are measured to observe the signature of coupling to a surface polariton: a dip in p-
polarised reflectance, with no corresponding dip in s-polarisation. In this section we consider how to
make both of these measurements using the Fourier microscope.
The sample is illuminated with linearly polarised light, created by the linear polariser in the
illumination arm (figure 5.6). The polarisation created by this polariser in maintained throughout
the microscope. Therefore, if the transmission axis of the polariser in orientated in the plane of the
page, the light throughout the Fourier microscope is polarised in the plane of the page. This means
that the rays depicted in figure 5.6, propagating in the plane of the page and leaving the sample
at an angle θ, are p-polarised. Furthermore, by measuring the field intensity in the Fourier plane
F’ along the X’ axis, we measure the angular reflectance of p-polarised light. If the polariser in the
illumination path is rotated 90◦, so that its transmission axis is aligned perpendicular to the plane of
the page, the electric field in the Fourier microscope is also polarised out of the plane of the page.
This means that the rays depicted in figure 5.6 leaving the sample at an angle θ are now s-polarised,
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Figure 5.7: Implementation of the Kretschmann prism-coupling configuration using an oil-
immersion objective lens.
because the polarisation is orthogonal to the depicted plane of incidence. This means that measuring
the field intensity along the X ′ axis in the Fourier plane F’ now measures the angular reflectance of
s-polarised light. This means that both p-polarised reflectance Rp and s-polarised reflectance Rs can
be measured in the Fourier microscope by selecting a polarisation which is parallel or perpendicular
to the observation axis X ′ respectively. Furthermore, this selection can be made using a single linear
polariser in the illumination arm of the microscope.
5.2.5 Prism-coupling with an oil-immersion objective
A Fourier microscope cannot be used with a prism to make an angular reflectance measurement,
because the Fourier microscope requires a short focal length objective lens to be brought close to the
sample and focussed on its surface. However, the Kretschmann prism-coupling configuration can be
realised without a prism using an oil-immersion objective lens and a thin film sample deposited on a
glass microscope coverslip (figure 5.7). In this implementation, the high index region from which
light is incident on the sample is formed by three different media: the bottom spherical lens of the
oil-immersion objective, the immersion oil, and the glass substrate. The oil-immersion objective
forms lens L of the Fourier microscope (figure 5.6), forming a Fourier image of the sample in the
back focal plane F, and in the observation plane F’. This allows the measurement of Rp and Rs from a
prism-coupled sample using the Fourier microscope as described above.
5.3 Fourier imaging spectroscopy
Fourier imaging spectroscopy combines the Fourier microscope with a spectroscopic detection
method which allows a reflectance spectrum to be measured at each collection angle . This allows
reflectance to be measured as a function of angle and wavelength in the same experiment, allowing
the dispersion of surface modes to be measured.
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Figure 5.8: Schematic of the Fourier imaging spectroscopy instrument.
5.3.1 Experimental set up
A schematic of the Fourier imaging spectroscopy instrument used in this thesis is shown in figure
5.8. The sample is illuminated using a tungsten lamp coupled to an optical fibre with core diamter
400µm. The tip of this fibre is placed at the focus of the lens LI1, which is a 4x magnification objective
lens, acting as a condensor in the critical illumination process realised by two pairs of lenses, LI1/LI2
and LI3/L (see section 5.2.3). After passing through LI1 and LI2, the illumination light passes through
a linear polariser before entering the microscope body: a Nikon Eclipse Ti2-U microscope body was
used to provide a stable platform for the lenses LI3, L1, and the oil-immersion objective L, as well
as the beam splitter BS1 (figure 5.8). BS1 reflects 50% of the input light onto the sample, via the
oil-immersion objective F. The transmitted input light is discarded. A thin beam splitter is used to
minimise chromatic dispersion on both passes of BS1. This ensures that all wavelengths are imaged
correctly in the Fourier plane.
After reflection from BS1, input light enters the oil-immersion objective L. In this work I used a
100x magnification oil-immersion objective with numerical aperture 1.45. This gives a maximum
theoretical collection angle of 73◦, in a Kretschmann prism-coupling configuration. This is an apoc-
hromat lens, giving less chromatic abberation than an achromatic lens. Along with the use of a
thin beam splitter, this gives the best configuration for imaging all wavelengths correctly in the
Fourier plane. The objective lens has a working distance of 0.13mm. This means that light incident
on the sample passes through 0.13mm of immersion oil. An immersion oil with refractive index 1.515
was used. The Kretschmann configuration requires the microscope to be focussed at the glass/film
interface. The focussed spot has diameter 16.8µm.
Light that is reflected from the sample is collected by lens L. Of this reflected light, 50% is
transmitted through BS1 before passing through lenses L1 and L2. The lenses L, L1 and L2 form a
Fourier microscope as described above in section 5.2.2, and a Fourier image of the sample is formed
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in both planes F’R and F’T due to the beam splitter BS2. BS2 allows two spectroscopic detection
methods to be used simultaneously. Light reflected from BS2 is measured by the first of the two
detection methods, a scanning fibre in the plane F’R: see section 5.3.2 below.
Light which is transmitted through BS2 forms a Fourier image at F’T. However there is no measure-
ment device at F’T. The light in F’T can be measured in two different ways. By inserting a removable
mirror, the light transmitted through BS2 is directed onto a colour charge-coupled device (CCD)
camera. Plane F’T and the CCD are each separated from lens L3 by 2 f3, where f3 is the focal length of
L3. Therefore, the single lens L3 forms an image of F’T at F”CDD and the CCD camera can be used
to record the Fourier image in colour. By adding an additional removable lens, the real image of
the sample can also be formed on the CCD camera in plane F”CDD. When the removable mirror is
removed, the lens L4 forms an image of F’T at F”Mono: L4 is 2 f4 separated from both F’T and F”Mono.
At F”Mono there is a monochromator that can also be used to measure the Fourier image: see section
5.3.3 below.
This Fourier microscope only differs from the general case shown in figure 5.6 with the addition
of the beam splitter BS2, to duplicate the Fourier image, and the addition of the extra lenses L3 and
L4 which are used to re-image the Fourier image from F’T on the monochromator entrance slit and
the CCD camera.
5.3.2 Scanning fibre
In this work I used two different methods to measure spectra in the Fourier plane. The first is the
scanning fibre method. In this method, the tip of an optical fibre is placed in the plane F’R, mounted
to a moving stage which controls the position of the fibre in the in-page X ′ direction (figure 5.8).
Given the properties of the Fourier image, at each position the fibre collects light from a specific
angle of incidence at the sample. Light incident on the fibre tip is collected by the fibre and then
measured in a fibre-coupled Ocean Optics USB4000-UV-VIS spectrometer. The spectrometer then
measures the reflectance spectrum of the sample at the collection angle selected by the position of












Figure 5.9: (a) Top-down view of scanning fibre method (b) The scanning fibre scans across the centre
of the Fourier image in plane F’R in the X ′ direction.
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of the sample is measured as a function of both angle and wavelength. Note that the height of the
fibre is set so that it scans across the centre of the Fourier image (figure 5.9b). As discussed above in
section 5.2.4, the reflectance measurement corresponds to either p- or s-polarisation depending on
whether the input polariser is aligned parallel or perpendicular to X ′ respectively.
In this work, the size of the Fourier image in F’R is around 6mm. A 200µm core diameter fibre was
used for the scanning fibre. The reflectance spectrum was measured at a range of positions separated
by 100µm, spanning the Fourier image. A Thorlabs translation stage and stepper motor was used
to control the position of the scanning fibre. The angular resolution of this measurement will be
considered in more detail below in section 5.4.2, taking into account the range of angles collected by
the scanning fibre at a fixed position due to its finite diameter. For now, note that the full width of the
Fourier image (6mm) is thirty-times the scanning fibre core diameter. This gives only thirty distinct
measured angles over a 146◦ angular range (this maximum angular range is set by the numerical
aperture of the oil-immersion objective).
5.3.3 Monochromator
The second method used here to measure reflectance as a function of both angle and wavelength is a
monochromator and CCD. The monochromator splits the Fourier image into spectral components
using a diffraction grating, and imaging each spectral component onto a different part of a CCD. In
this work, I used the Princeton Instruments SP2150 monochromator.
The first component of the monochromator is a slit, placed in the Fourier plane F”Mono, with a
width of 10µm (figure 5.10). The slit selects a line from the Fourier image, as shown in figure 5.10b,
which fixes the plane of incidence in the reflectance measurement. Points along the slit are analogous
to the points along the line scanned by the fibre, although the slit is orientated vertically (Y ′′) not
horizontally (X ′′). Note X ′′ and Y ′′ are the Cartesian coordinates spanning the plane F”Mono. After














Figure 5.10: Schematic of the monochromator. M1 and M2 are concave mirrors. As well as reflecting
incident light, they also behave as lenses, imaging the Fourier plane F” onto the CCD.
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diffraction grating, and the concave mirror M2. The concave shape of M1 and M2 means that they acts
like a pair of lenses and create an image of F”Mono on the CCD at the output of the monochromator.
Between M1 and M2, the diffraction grating reflects light of different wavelengths at different angles.
This means that light of different wavelengths is imaged at different horizontal positions on the
output CCD, as shown in figure 5.10a.
Given the range of wavelengths that we are interested in, roughly 400-900nm, the monochromator
is not able to image this full spectral range across the output CCD. This spectral range corresponds to
too large a range of reflectance angles from the diffraction grating to collect on the output CCD. In-
stead, the angle of the grating with respect to the incident beam can be controlled, which determines
what spectral range is imaged onto the CCD. Light outside the chosen spectral range is discarded
inside the monochromator. In practice a spectral range of around 40nm can be imaged onto the
output CCD at each grating position.
To calibrate the spectral response of the monochromator, emission from known atomic transi-
tions was measured. For calibration in the visible range the strong 576.960nm and 579.066nm lines of
mercury were observed. To calibrate in the near-infrared, the strong 763.511nm and 772.376nm lines
of argon were used. The dispersion of wavelengths across the output CCD is assumed to be linear.
To fit the linear relationship between position and wavelength, a third wavelength was used in each
case: the centre wavelength of the image, set by the orientation of the diffraction grating. This centre
wavelength is accurate to ±0.25nm in the instrument.
The advantage of the monochromator when measuring reflectance is its high angular resolution,
compared to the scanning fibre method. The output CCD has around 1300 pixels spanning the
Fourier image from edge to edge along the direction Y ′′. This pixel density is sufficiently high
for the angular resolution of the reflectance measurement to be limited by the resolution of the
Fourier microscope, rather than the density of pixels measured across the Fourier image. This means
that the monochromator method yields much higher angular resolution than the scanning fibre
method, which only samples around thirty points across the full width of the Fourier image. The
monochromator measures a limited wavelength range of around 40nm per shot. Therefore I use the
scanning fibre method to give an overall picture of the dispersion of surface modes across the visible
and near-infrared range. The dispersion of the surface mode can then be measured with high angular
resolution in specific areas of interest using the monochromator method.
5.4 Fourier imaging spectroscopy of a prism
The first sample measured in the Fourier imaging spectroscopy set up is a bare glass coverslip.
We refer to this as a prism, because using the oil-immersion objective the bare glass coverslip is
equivalent to a bare prism in the Kretschmann configuration. The prism measurement is used to
calibrate the angular response of the Fourier microscope because the Fourier image of a prism has
clear features at known angles, due to total internal reflection [47].
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5.4.1 Fourier Image
Let us consider the reflectance from a prism as a function of angle, at a fixed wavelength. The prism
is made of transparent glass. At small angles of incidence, such as θ− in figure 5.11a, the prism
transmits most of the light incident upon it, and the reflectance is low. As the angle of incidence
increases, the reflectance stays low up to the critical angle θc . The critical angle is the angle at which
k∥, the x-component of the wavevector of the light in the prism, is equal to the wavevector of light of
the same wavelength travelling in the x-direction in the air adjacent to the prism, ω/c. This is the
maximum possible x-direction wavevector of light in air. Light incident from the prism above the
critical angle cannot propagate into the air adjacent to the prism, because this incident light has a
larger x-direction wavevector than the maximum x-direction wavevector of light in the air layer. This
prevents momentum conservation and causes total internal reflection: light cannot be transmitted
so all light is reflected, giving a reflectance of 1 for any angle above the critical angle, such as θ+ in
figure 5.11c.
To observe the Fourier image of a prism, as shown in figure 5.11, I inserted the removable mirror
into the setup shown in figure 5.8 and by leaving out the removable lens, created the Fourier image
of the prism on the CCD camera. This image is made up of light at many wavelengths. This Fourier
image shows a ring-like pattern due to total internal reflection. To understand its origin, we need to
consider angle of incidence in the two-dimensional Fourier plane and its spectral dependence, and
the polarisation dependence of features of the reflectance of the prism.
First, we consider angle of incidence in the two-dimensional Fourier plane, spanned by the
Cartesian coordinates (X ′,Y ′). Starting with equation 5.10, and adding a second orthogonal direction
in the Fourier plane, Y ′, we find that the angle of incidence θ obeys sinθ∝
p
X ′2 +Y ′2 . The constant
of proportionality, f f2f1 n, is roughly equal for all wavelengths, given the low chromatic dispersion
of the Fourier microscope and the small spectral dependence of n. The quantity
p
X ′2 +Y ′2 gives
the distance from the centre of the Fourier image to the point (X ′,Y ′). Therefore, a given angle of
incidence for any wavelength corresponds to the same circle of points equidistant from the centre
of the Fourier image. Therefore, the critical angle (which is roughly constant across the measured
spectral range) creates a circular feature where the reflectance increases sharply to 1 (figure 5.11b).
The maximum collection angle also creates a circular feature: this time the outer edge of the Fourier
image. The maximum collection angle is detemined by the numerical aperture of the objective lens L.
Here an objective with numerical aperture 1.45 is used, which corresponds to a maximum collection
angle of 73◦.
Because the incident and reflected light in the Fourier microscope is linearly polarised, different
radial directions in the Fourier image correspond to different incident polarisations. For example,
when the radial direction in the Fourier plane is aligned with the polarisation of the light in the
Fourier microscope, the light along that radial direction in the Fourier plane is p-polarised. This
means that even with a rotationally symmetric sample such as the glass coverslip, if the reflectance is
polarisation sensitive, the Fourier image will not be rotationally symmetric. The bright ring in the
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Figure 5.11: Reflectance from a prism at a range of angles, and the corrseponding points on the
observed camera image of the Fourier plane at three different angles: (a) below the critical angle,
(b) at the critical angle and (c) above the critical angle. (a) The centre of the Fourier image is dark
where most of the incident light is transmitted through the prism. (b)(c) This region is surrounded by
a bright ring created by total internal reflection: the inner edge of the bright ring occurs at the critical
angle of the prism.
Fourier image of the prism (figure 5.11) is rotationally symmetric because total internal reflection,
which creates this bright feature, is not polarisation sensitive. However below the critical angle Rp
and Rs differ. At the Brewster angle, p-polarised light is transmitted at the prism/air interface with no
reflected component: Rp = 0. At the same angle, s-polarised light has non-zero reflectance: Rs ∼ 0.1.
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This phenomena is roughly the same for all measured wavelengths in figure 5.11, hence the dip in
p-polarised reflectance below the critical angle can be seen in the full colour camera images shown.
The dip appears along the Y ′ axis, as the input polariser of the Fourier microscope is aligned with
the Y ′-direction. In the X ′ direction there is no dip in reflectance at the same angle of incidence, as
points along the X ′ axis correspond to s-polarisation, with Rs ∼ 0.1.
5.4.2 Angle calibration
By looking at the Fourier image of the prism, I have performed a simple test of whether the Fourier
microscope is working properly. The prism measurement can also be used as a reference sample to
calibrate the angular response of the microscope. Specifically, we want to assign an angle of incidence
to each position on the Fourier plane. To do this, I compared the known critical angle of the prism
with the position of the inner edge of the bright ring in the Fourier image of the prism. This calibration
must be done separately for the scanning fibre and the monochromator.
To measure reflectance by both scanning fibre and monochromator methods, the reflected in-
tensity of the prism sample and a mirror reference were measured. Dark counts were measured by
blocking the beam in the plane S’. Dark counts were substracted from the measured spectra, then
the ratio of the resulting sample and reference measurements was calculated to give the reflectance.
These reflectance values, as a function of wavelength and position on the Fourier image, are the out-
put of the Fourier imaging spectroscopy instrument. This data can be plotted as a two-dimensional
image, with orthogonal axes corresponding to position along an axis of the Fourier plane and wave-
length. In the monochromator an image of this type is formed on the output CCD. Figure 5.12 shows
the output of the scanning fibre and the monochromator. The images show the characteristic features
of reflectance from a prism. In the central portion of the image, there is low reflectance, as most light
incident below the critical angle is transmitted through the prism. Then, at the critical angle on both
the negative and positive angle side, the reflectance increases quickly to 1 with the onset of total
internal reflection. This behaviour is roughly the same for all wavelengths shown, giving vertical lines
dividing high and low reflectance regions in the output images.
In addition to angle calibration, the prism measurements are used to calibrate the mirror refer-
ence measurement. The mirror has reflectance < 1 which is roughly constant for all angles. Therefore
using a mirror as a reference can result in overestimated reflectance values for measured samples.
In order to give a reflectance of 1 for the prism above the critical angle when using a mirror as a
reference, the measured reflectance of the prism using the scanning fibre must be reduced by a factor
of 0.95 for both p- and s-polarisation. For the monochromator p-polarised reflectance of the prism
must be reduced by a factor 0.98 and s-polarised reflectance by a factor 0.99. This difference between
p- and s-polarisation is required because the reflectance of the mirror reference above the critical
angle is slightly higher for s-polarisation than p-polarisation. This difference could not be detected
by the scanning fibre.
Now that we have the raw output of the Fourier microscope measured by both the scanning fibre
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Figure 5.12: Output of the Fourier imaging spectroscopy system: reflectance of p-polarised light from
a glass coverslip in the Kretschmann configuration, using different spectroscopic detection methods:
(a) scanning fibre and (b) monochromator. The middle of the image is dark at all wavelengths because
below the critical angle most incident light is transmitted through the prism. At the edges of the
images, corresponding to larger angles of incidence, there are bright regions of high reflectance at all
wavelengths due to total internal reflection. The transition from low to high reflectance occurs at the
positive and negative critical angle on the right and left side of each image respectively.
and monochromator, this output can be used to calibrate the angular response of each detection
method. To do this, I used the critical angle features observed at fibre positions around 3.5mm and
7.5mm, and pixel numbers around 600 and 1500 in the raw images (figure 5.12).
The critical angle occurs when the x-component of the wavevector of light in the prism can
no longer be matched to the x-component of the wavevector of light in the air above the prism.
Therefore, the critical angle occurs when the dispersion of light in the prism, k∥ = ωc n sinθ matches










This yields an expression for the critical angle θc :
(5.12) sin(θc ) = 1
n
We use a database value of the refractive index of glass (Borosilicate Glass, Schott BK7) to calculate
the critical angle of the prism. At 575nm n = 1.516 and we find a critical angle of 41.26◦.
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Now that we know the critical angle, and can identify its position in the observed Fourier image
(figure 5.12), we need to remind ourselves of the relationship between position on the Fourier plane
and collection angle, given to us in the expression of the conjugate variables, equation 5.10:
(5.13) X = A sin(θ)
where A is a constant. This tells us that position on the Fourier plane is proportional to the sine of the
collection angle (figure 5.11). To calibrate the angular response of the Fourier microscope, we need
to determine a single constant, the constant of proportionality, A. I determined A experimentally
to ensure the accuracy of the angle calibration, rather than using the expression for the conjugate
variables (equation 5.10).
To map position on the Fourier plane to angle of incidence, I used equation 5.13, the known
θc and the observed features in the output images to determine A. This was done for the fibre and
monochromator individually, as the units of position in each image are different (millimetres and
pixels). A single wavelength was used: 575nm. The outer edges of the bright features in each image,
corresponding to the maximum collected angle, were used to estimate the centre of each image.
The sines of the angles corresponding to the image centre, the positive critical angle and negative
critical angle were assumed to be linear in the observed position of these features, obeying equation
5.13. A linear model was fitted to these three points, yielding a value of A for each detection method:
A = 3.12mm for the scanning fibre and A = 714 pixels for the monochromator.
Applying this angle calibration to the raw images in figure 5.12 gives the images shown in fig-
ure 5.13. Below each two-dimensional image, a cross-section at 575nm is shown, which compares
a theoretical model of prism reflectance with the measurement. This shows excellent agreement
between the observed and modelled critical angles. Note that the model does not take into account
the resolution of the experiment. Therefore at the sharp critical angle feature, the measured re-
flectance deviates from the model, because the finite resolution of the measurement acts to partially
smooth out the sharp critical angle feature. The angular resolution of each detection method can
be calculated using A and the known spatial resolution of each detection method. The resulting
angular resolution values of both detection methods are reported in table 5.2 at a range of angles. This
confirms that the monochromator offers excellent angular resolution as anticipated. The resolution
of the monochromator exceeds the resolution of the Fourier microscope, which is around 0.1◦ [84].
Figure 5.13 shows angles from -82◦ to 82◦. This exceeds the maximum collection angle of the
objective lens, which is 73.2◦, based its numerical aperture of 1.45 and the refractive index of the
immersion oil, 1.515. Notice that above this maximum collection angle on both the positive and
negative side the measurement becomes noisy. This appears as increased spectral fluctuations in
the fibre data: see the two-dimensional reflectance plot in figure 5.13b. In the monochromator data
angular fluctuations appear at the edges of the image. These can be seen in the cross-section in figure
5.13b below -73◦ and above 73◦. Note that these same angular fringes are smoothed out in figure
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Figure 5.13: Reflectance of p-polarised light from a glass coverslip in the Kretschmann configuration,
using different spectroscopic detection methods: (a) scanning fibre and (b) monochromator. The
bottom panels show a cross-section through the above images at wavelength 575nm. The upper
panels show low reflectance below the critical angle at all wavelengths where the incident light
is transmitted through the prism. At the edges of these images, corresponding to larger angles of
incidence above the critical angle, there are regions of high reflectance at all wavelengths due to total
internal reflection. The transition from low to high reflectance occurs at the positive and negative
critical angle on the right and left side of each image respectively.
Resolution (deg)






Table 5.2: Angular resolution of the scanning fibre and monochromator detection methods ignoring
the resolution imposed by the preceding optics. The monochromator exceeds the resolution of the
Fourier microscope, which is around 0.1◦ [84].
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5.13a by the angular resolution of the scanning fibre, which is much larger than the period of the
angular fringes. When presenting future datasets, I crop images to a maximum angle of incidence of
65◦ to completely avoid fluctuations in the measured reflectance value at the edges of the images.
Spectral fringes in the reflectance measured by the scanning fibre also appear below the maximum
collection angle of the microscope. These fringes occur due to instability in the scanning fibre arm of
the Fourier imaging spectroscopy set up. This discussed in Appendix A.1. Removing these spectral
fringes is desirable for visualising the angular reflectance of my samples more clearly. To remove
these fringes from future data sets, a 20nm wide moving average is performed on the spectrum
observed at each angle (see figure A.1, appendix A.1).
Finally, note that the monochromator data shows a slight tilt of the critical angle features -
these should be vertical, but instead the critical angle feature moves to a smaller angle at longer
wavelengths. This does not occur due to the changing refractive index of the prism: the critical angle
of the prism should increase with increasing wavelength, due to the decreasing refractive index of
glass. Here we observe the opposite change. To correct this, the angle calibration constant A is varied
linearly as a function of wavelength, so that the critical angle feature appears at the correct angle at
every wavelength across the image.
5.5 Fourier imaging spectroscopy of J-aggregate and PVA thin films
Now that I have calibrated the angular response of the Fourier imaging system by measuring a prism,
I measure J-aggregate and PVA thin film samples, and a 40nm thick gold film that serves as a reference
for the signature of surface polaritons in reflectance spectra.
Fourier imaging spectroscopy was performed on each each thin film sample: gold, J560 and
PVA, TDBC and PVA, J619 and PVA, and J798 and PVA. In every case, a thin film was deposited on a
glass coverslip, and the oil-immersion objective lens was brought into contact with the glass side
of the sample as shown in figure 5.7 to implement a Kretschmann prism-coupling configuration.
The oil-immersion objective was focussed at the glass/film interface using the eyepiece of the
microscope body (figure 5.8). By measuring with two orthogonal input polarisations, both p- and
s-polarised reflectance were meaured. All samples were measured using both the scanning fibre and
monochromator methods while illuminating the same spot on the sample. For each set of reflectance
measurements, a silver mirror and a prism sample were measured first to act as references, both
using immersion oil. The reflectance of each sample is calculated in the same way as the prism
reflectance in the previous section, using the mirror measurement as a reference.
5.5.1 Wavelength specificity
First we consider the p-polarised reflectance of each sample, measured using the scanning fibre
method (figure 5.14). This gives the angular reflectance of the samples in a broad wavelength range
spanning the visible and near-infrared. Only light incident above the critical angle has dispersion on
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Figure 5.14: Measured p-polarised reflectance from (a) gold, and J-aggregate and PVA films containing
(b) J560, (c) TDBC (d) J619 and (e) J798. The mode-matched points for SPPs on a 40nm gold film are
plotted as a dashed line in (a). These points are calculated from the optical properties of gold [50].
The peak absorption wavelength of the J-aggregate in each film is marked by a dashed black line.
the high momentum side of the light line - therefore only light incident at over 41◦ can excite surface
polaritons. For this reason I plot the angular range 40◦ to 65◦.
In the p-polarised reflectance of the 40nm gold film, we see high reflectance of around 0.9
across the measured spectral range, with a dip in reflectance visible at 650nm and below. Gold has
Re[ε] <−1 over the full wavelength range shown. Therefore we expect a dip in p-polarised reflectance
extending throughout the plotted wavelength range. The mode-matched points for SPPs on a 40nm
gold film, corresponding to the theoretical position of the minimum in reflectance (calculated using
the measured optical properties of gold shown in figure 2.3 [50]) are plotted in figure 5.14a as a white
dashed line. Below 650nm where the dip in reflectance is visible there is good agreement between the
measured dip and the mode-matched points. The minimum of the measured dip begins at smaller
angles, and moves to larger angles with decreasing wavelength. The shift in the angle of the minimum
of the dip mirrors the behaviour of the SPP dispersion relation: at shorter wavelengths (before the
onset of losses due to interband transitions), the SPP dispersion moves further to the right of the light
line with decreasing wavelength (see figure 2.6).
At wavelengths longer than 650nm, the SPP dip cannot be observed using the scanning fibre
because the dip width is much smaller than the angular resolution of the scanning fibre measurement
(table 5.2). The angular width of the SPP dip is determined by the amount of loss experienced by the
SPP. The dip width increases with increasing loss in analogy with any driven oscillator: increasing
damping (loss) increases the width of the absorption resonance [49]. Losses in the SPP increase for
two reasons. First, below 500nm in gold conduction electrons can undergo interband transitions:
these transitions increase Im[ε] and the rate at which energy from the SPP is absorbed by the gold
film. Secondly, at shorter wavelengths Re[ε] becomes less negative, and becomes comparable in
magnitude to Im[ε]. This reduces the size of the SPP mode, but also places a greater proportion of
the total energy density inside the gold, rather the the adjacent air [13]. The result is that a greater
131
CHAPTER 5. COUPLING TO SURFACE EXCITON POLARITONS
proportion of the total energy in the mode is subject to intrinsic losses due to absorption by the gold,
characterised by Im[ε]. This increases the total losses. Both the interband transitions and increasing
Re[ε] can increase loss in the SPP, which increases the width of the corresponding dip in reflectance.
In the plotted wavelength range, 500-850nm, there are no interband transitions in gold. The width of
the SPP dip increases at shorter wavelengths in the plotted range because decreasing Re[ε] moves a
greater proportion of the SPP energy density into the gold layer, so that it is subject to the resistive
losses characterised by Im[ε]. At longer wavelengths Re[ε] becomes increasingly negative, shifting
more of the energy density of the SPP out of the gold, reducing loss in the SPP and narrowing the
corresponding dip.
In contrast to gold, J-aggregate and PVA materials have negative permittivity in only a narrow
wavelength range (table 4.5). Therefore, rather than a dip in p-polarised reflectance extending
over a broad wavelength range, we expect a dip to appear in a narrow wavelength range on the
short wavelength side of the absorption of the constituent J-aggregate. Away from the J-aggregate
absorption, the J-aggregate materials are transparent, and we expect total internal reflection to occur
giving high reflectance like a prism. As expected for each of my J-aggregate materials, we observe
high reflectance of p-polarised light at most wavelengths due to total internal reflection, with a dip
close to the J-aggregate absorption. In figure 5.14b-e the maximum of the J-aggregate absorption
peak of each film in marked by a black dashed line. The observed dip in p-polarised reflectance
appears on the short wavelength side of the J-aggregate absorption in all four J-aggregate and PVA
films, suggesting that the dip originates in SEP coupling, not J-aggregate absorption. This also shows
that the spectral position of the SEP region can be controlled by the choice of J-aggregate and placed
across the visible and near-infrared. The observed dips are broad in angle, suggesting that the SEPs
supported by my J-aggregate materials experience similar losses to SPPs in gold at wavelengths close
to 500nm but prior to the onset of interband transitions.
5.5.2 Surface exciton polaritons and polarisation contrast
A key part of the signature of coupling to a surface polariton mode is a contrast between p- and
s-polarisation: only p-polarised light can couple to surface polariton modes, so a dip in reflectance
due to surface polariton coupling only appears in p-polarisation, not s-polarisation. In order to
compare the reflectance of p- and s-polarisation for each of the J-aggregate and PVA films, I look at
the angular reflectance of each film measured using the monochromator, which gives better angular
resolution than the scanning fibre. In figure 5.15 I plot the angular reflectance of each film at a
single wavelength, chosen within the negative permittivity region of each film, as identified in table
4.5. Therefore we expect each J-aggregate and PVA film to support a SEP at the plotted wavelength.
Modelled reflectance values are also plotted. The model has the structure shown in figure 5.16, and
the incident light is assumed to be a plane wave.
Figure 5.15a shows the measured reflectance of p- and s-polarised light from the 40nm thick
gold film in a Kretschmann configuration. The measured angular reflectance of p-polarised light
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Figure 5.15: P-polarised and s-polarised reflectance as a function of angle in a Kretschmann prism-
coupling configuration, measured and modelled values for (a) gold at 575nm, (b) J560 at 556nm, (c)
TDBC at 575nm, (d) J619 at 608nm and (e) J798 at 770nm.
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J-aggregate (or gold) film
ε: known, see figure 4.27
Substrate








ε= 1 Smooth interface
Smooth interface
Figure 5.16: Model parameters for modelling reflectance in the Kretschmann configuration.
from the gold thin film shows a maximum at the critical angle, followed by a dip at a larger angle,
with a minimum close to zero at 45◦. There is no dip in s-polarised reflectance, which increases
slowly across the plotted angular range. This is the signature of coupling to SPPs. Furthermore, the
measured values are in close agreement with the modelled values. This shows that the gold film
behaves like an ideal smooth gold film, and furthermore that the Fourier imaging system is working
correctly.
We now consider the contrast between p- and s-polarised reflectance from each of the four
J-aggregate materials. In all four materials the signature of SEP coupling is observed, similar to the
signature of SPP coupling seen in figure 5.15a, but with a broader dip. That is, at the critical angle
there is a peak in p-polarised reflectance followed at a larger angle by a dip to a minimum in p-
polarised reflectance. In the same angular range there is no dip in s-polarised reflectance. S-polarised
reflectance increases slowly with angle across the measured range, with a small change in gradient
at the critical angle. Again this is similar to the gold sample, though the s-polarised reflectance of
J-aggregate and PVA films is in general lower than the gold film.
In addition to the measured reflectance, I plot the modelled reflectance of each J-aggregate film
in figure 5.15. These models described the J-aggregate and PVA thin films as a single smooth layer, as
shown in figure 5.16. The optical properties of each J-aggregate film are fixed to the value estimated
in chapter 4 (see figure 4.27). The thickness of each film was fixed to the measured value (table 3.3),
except for J619. Using the measured thickness of the J619 film, 38nm, yields significantly higher
reflectance below the critical angle than is measured (see appendix A.2). Therefore, the thickness
of the J619 film in the model has been reduced to 23nm, which is chosen so that the modelled
p-polarised reflectance below the critical angle is equal to the measured value (figure 5.15d). This also
improves the fit of the modelled data to the observed s-polarised reflectance over many wavelengths
(see figure 5.19 below and Appendix A.2, figure A.3). This suggests that the disagreement between a
38nm thick model and the measured reflectance could be due to thickness variation over the J619
sample.
As the plotted wavelengths have been chosen to lie in the Re[ε] <−1 region for each film, the mod-
elled reflectances show the signature of SEP coupling as described above. The measured reflectance
of the TDBC film (figure 5.15c) is in excellent agreement with the modelled values, confirming that
we have observed coupling to SEPs, and furthermore confirming that the optical properties and
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thickness of the TDBC film have been well characterised in the previous chapters. However, for
the J560, J619 and J798 films, the measured p-polarised reflectance deviates from the model at and
above the critical angle. In these three films, the peak p-polarised reflectance at the critical angle is
higher than modelled, and at larger angles remains higher than the modelled value. However, all
three films show a broad dip in p-polarised reflectance in the correct range of angles for coupling
to SEPs. In the J560 and J798 films, the measured s-polarised reflectance is in good agreement with
the modelled value. This suggests that the optical properties of these films have been accurately
characterised, and that the mechanism responsible for the deviation of the measured p-polarised
reflectance from the model is specific to p-polarisation (see section 5.5.3 below). In the J619 film,
the observed s-polarised reflectance is lower than the modelled value, although measurement and
model show similar qualitative behaviour. We will see below that this good qualitative agreement
is found over many wavelengths. This suggests that the model of the J619 film captures the central
physics of SEPs, but that further characterisation is required to account for variation across the film
in thickness and optical properties.
These observations are sufficient to show that I have coupled to SEPs in each of the four J-
aggregate materials at the wavelengths shown in figure 5.15. Now, using the monochromator mea-
surements of both p- and s-polarised reflectance we can look in detail at the dispersion of SEPs.
5.5.3 Dispersion of surface exciton polaritons
The data reported above confirms that I have observed coupling to surface exciton polaritons in
each of the J-aggregate and PVA thin films. That is, in all four films, the signature of SEP coupling is
observed in reflectance for a wavelength at which Re[ε] <−1. I now consider the spectral dependence
of the SEP coupling feature in order to investigate the dispersion of SEPs in the J-aggregate and PVA
films. This allows us to test our understanding of the physics of the surface modes of the thin films,
and sheds light on why the measured reflectances deviate from the modelled values.
To investigate the dispersion of surface modes in the J-aggregate and PVA films, I use the
monochromator method to measure Rp and Rs with high angular resolution. I stitch together several
monochromator measurements at different centre wavelengths to form a single image spanning the
SEP spectral region. In figure 5.17 I compare these monochromator measurements of the TDBC and
PVA film to the modelled reflectance values which are calculated from the same model shown in
figure 5.15c and described in figure 5.16. The SEP region in which Re[ε] <−1 is bounded in figure 5.17
by dashed white lines marking the maximum and miniumum of the SEP spectral range. Figure 5.17 is
also overlaid with dispersion relations: the light line, the SEP dispersion, and the SEP dispersion on a
thin film, which is shifted with respect to the SEP dispersion due to the presence of the prism/film
interface in the Kretshmann configuration. Dispersion relations can be plotted as a function of angle
and wavelength by using the mode-matching conditions equation 5.1 and equation 5.2 together
with the dispersion of the incident light in the Kretschmann configuration, equation 5.4. The plotted
points correspond to the angles and wavelengths at which the incident light and the mode in question
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(a) Rp , measured
(c) Rs , measured (d) Rs , modelled
(b) Rp , modelled
Figure 5.17: (a) Measured and (b) modelled p-polarised reflectance from TDBC and PVA thin films.
(c) Measured and (d) modelled s-polarised reflectance from TDBC and PVA thin films. The model
is based on the optical properties reported in figure 4.27 and measured thickness (table 3.3). The
maximum and minimum wavelengths bounding the SEP region are marked by dashed white lines.
The reflectance values are overlaid with dispersion relations which are labelled in the figure.
satisfy the mode-matching conditions.
As described in section 5.1 above, coupling to a mode is accompanied by a dip in reflectance at
the angle of incidence where the incident light satisfies the mode-matching conditions. To test our
understanding of surface modes of my thin films, I have measured Rp and Rs as a function of angle
and wavelength, in order to check whether the observed dip in Rp coincides with the dispersion
of the surface mode. Importantly, in the Kretschmann configuration, the dispersion of the surface
mode is not given by equation 5.3. Equation 5.3 is valid only for surface modes on a semi-infinite
layer of material, in which there is no prism/film interface below the film/air interface. In order to
implement a Kretschmann configuration, the prism/film interface must be brought sufficiently close
to the film/air interface for the electric field to penetrate through the film from the prism side to
reach the film/air interface. The presence of this interface allows coupling to surface modes at the
film/air interface, but also changes the properties of the surface modes with respect to equation 5.3.
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Most importantly, the presence of the prism/film interface close to the SEP allows light in the SEP to








1+ε and ∆k are complex numbers. Im[∆k] describes additional loss from the SEP due to
radiation back into the prism. Re[∆k] describes a shift in the dispersion relation of modes at the
film/air interface due to the presence of the prism/film interface below [25]. Analytical solutions for
∆k can only be found if the spatial overlap of the SEP mode and the prism/film interface is small, that
is, Im[kz1]d ¿ 1, where d is the film thickness [85][25]. However, for all four J-aggregate materials,
Im[kz1]d ∼ 1, and there are no relevant analytical solutions in the literature. Therefore I find the
dispersion relation by modelling Rp in the Kretschmann configuration and identifying kx for the
thin film surface modes with the minimum of Rp . This updated dispersion relation for the surface
modes of a thin film is shown in figure 5.17a,b as a dashed red line and will be referred to as the
thin film dispersion relation. By definition the thin film dispersion relation marks the position of the
minimum in Rp in the model shown in figure 5.17b. From this we see that Re[∆k] shifts the dispersion
of the SEP to larger angles at a given wavelength. The thin film dispersion relation is plotted for a
limited wavelength range: on the short and long wavelength side of this range |Im[ε]| starts to exceed
|Re[ε]|, which reduces Rp due to absorption in the thin film, obscuring the position of the thin film
dispersion relation.
Comparing the measured Rp with the thin film dispersion relation of an SEP (dashed red line)
shows that the observed dip in Rp in the SEP region above the critical angle matches the thin film
dispersion relation. This demonstrates that I have coupled to the SEP of the TDBC and PVA film
using the Kretschmann configuration. Within the same spectral region there is no dip in Rs , and
measurement and model are in excellent agreement.
On the long wavelength side of the SEP region, the surface mode dispersion relation (solid line)
crosses the light line to the low momentum side and becomes a Brewster mode. This creates a dip in
Rp below the critical angle, at the Brewster angle of the film, where incident p-polarised light couples
to the Brewster mode and is transmitted through the film with no reflected component. This dip can
be seen in both measurement (figure 5.17a) and model (figure 5.17b). ∆k is small in the Brewster
region because the refractive index of the thin film and the prism are similar. Therefore the solid
red line giving the dispersion of surface modes in the absence of a prism/film interface coincides
with the measured and modelled minimum in Rp at the Brewster angle in the wavelength range
590nm-612nm. In this same region (590nm-612nm and 30◦-41◦) there is no minimum in Rs as there
is no s-polarised Brewster mode: both measurement and model show Rs > Rp .
On the short wavelength side of the SEP region the surface mode dispersion does not immediately
cross the light line. Instead the surface mode dispersion stays on the high momentum side of the
light line as an evanescent mode with −1 ≥ Re[ε] ≤ 0 and |Im[ε]| ∼ |Re[ε]| (table 5.1). The dispersion
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(a) Rp , measured
(c) Rs , measured (d) Rs , modelled













Figure 5.18: (a) Measured and (b) modelled p-polarised reflectance from J560 and PVA thin films.
(c) Measured and (d) modelled s-polarised reflectance from J560 and PVA thin films. The model
is based on the optical properties reported in figure 4.27 and measured thickness (table 3.3). The
maximum and minimum wavelengths bounding the SEP region are marked by dashed white lines.
The reflectance values are overlaid with dispersion relations which are labelled in the figure.
of this evanescent mode is described by the thin film dispersion relation (dashed red line) in the
spectral range 545nm-555nm, which marks the position of the corresponding modelled dip in Rp .
This shows that this evanescent mode is also pulled to larger angles by the presence of the prism/film
interface, like the SEP. By comparing the measured Rp to the dispersion of the evanescent mode of
the thin film in the region 545nm-555nm, we see that the experiment couples more weakly to this
evanescent mode than predicted by the model. This is shown by higher measured Rp than modelled
Rp in the evanescent spectral range, with good agreement between measured and modelled Rs in the
same spectral range.
The TDBC and PVA film has been addressed first because it shows the reflectance features
associated with the Brewster, SEP and evanescent regions of the surface mode dispersion most clearly.
However, the same features can also be seen in the measured and modelled reflectance of the J560
and PVA (figure 5.18), J619 and PVA (figure 5.19), and J798 and PVA (figure 5.20) thin films. For all four
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(a) Rp , measured (b) Rp , modelled
(c) Rs , measured (d) Rs , modelled
Figure 5.19: (a) Measured and (b) modelled p-polarised reflectance from J619 and PVA thin films.
(c) Measured and (d) modelled s-polarised reflectance from J619 and PVA thin films. The model is
based on the optical properties reported in figure 4.27 and a thickness of 23nm, which is chosen
to give a good prediction of the reflectance below the critical angle. The maximum and minimum
wavelengths bounding the SEP region are marked by dashed white lines. The reflectance values are
overlaid with dispersion relations which are labelled in the figure.
films the observed reflectance in the Kretschmann configuration is the same at different points on
the same film (see Appendix A.3).
All films show a Brewster type feature below the critical angle on the long wavelength side of
the SEP region: at the Brewster angle there is a minimum in the measured and modelled Rp . The
minimum in Rp coincides with the points described by the solid red dispersion curve, which ignores
the effect of the prism/film interface. Within the SEP region and on its short wavelength side the
dashed red dispersion curve derived from the modelled Rp shows that the prism/film interface shifts
the SEP dispersion to higher momentum and larger angle. The measured Rp for all four thin films
shows a dip within the SEP spectral region coinciding with the dashed dispersion curve of an SEP on
a thin film. In each case there is also no dip in s-polarisation in the same spectral region. This shows
that I have coupled to the SEP mode of each J-aggregate and PVA film.
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(a) Rp , measured (b) Rp , modelled
(c) Rs , measured (d) Rs , modelled
Figure 5.20: (a) Measured and (b) modelled p-polarised reflectance from J798 and PVA thin films.
(c) Measured and (d) modelled s-polarised reflectance from J798 and PVA thin films. The model
is based on the optical properties reported in figure 4.27 and measured thickness (table 3.3). The
maximum and minimum wavelengths bounding the SEP region are marked by dashed white lines.
The reflectance values are overlaid with dispersion relations which are labelled in the figure.
On the short wavelength side of the SEP region, all four films are expected to support an evanes-
cent mode (table 5.1). The dispersion of this mode can partly be determined using the minimum of
the modelled Rp which is shown by the dashed red curve in each figure. As with the SEP modes, the
dispersion of the evanescent modes is also shifted to larger angle by the presence of the prism/film
interface. Figure 5.19b shows the minimum in Rp due to the evanescent mode most clearly: the dip
can be seen to approach the light line, crossing it at around 585nm to become a Brewster mode.
However, as with TDBC, the measured Rp in the J560, J619 and J798 thin films in evanescent region is
higher than modelled: no dip in Rp due to evanescent mode coupling is observed in any of the four
materials. In the J798 material (figure 5.20) there is a small evanescent region on the long wavelength
side of the SEP region, for which there is a corresponding dip in the modelled value of Rp at around
780nm. As with other evanescent regions, the measured Rp does not show a dip corresponding to
coupling to this evanescent mode. This has the effect of shifting the spectral minimum of the dip in
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Rp observed above the critical angle to shorter wavelength compared to the modelled dip in Rp .
Also note that, as identified in figure 5.15 above, the measured dips in Rp due to SEPs in the J560,
J619 and J798 materials are shallower than expected from the respective models. We know that the
thickness and optical properties of the films have been well characterised, because there is excellent
agreement between the measured and modelled values of Rs in the Kretschmann configuration
for all four of my materials. Furthermore, the measured and modelled values of Rp are in excellent
agreement below the critical angle. Therefore, with the exception of the wavelength-angle region
occupied by the p-polarised SEP and evanescent modes, we find excellent agreement between the
measurements and models. This shows that the disagreement between measurements and models
is associated with coupling to surface modes. The shallower than expected Rp dips observed in the
J560, J619 and J798 materials could be due to weaker than expected coupling to the SEP. Shallow
Rp dips could also originate in additional radiative damping of the SEP: light radiated from the SEP
into the prism is collected in the Fourier plane. Further research is required to determine which of
these effects is responsible for the disagreement between measured and modelled Rp seen here. Note
that organic films such as those studied here have some surface roughness (see figures 3.10-3.13):
this corrugation of the surface could interact with surface modes, scattering light in the mode and
therefore relaxing the mode-matching conditions, affecting Rp in the Kretschmann configuration.
5.6 Conclusion
In this chapter I have observed coupling to SEPs in four different J-aggregate and PVA materials.
Coupling to SEPs demonstrates the capability of these materials to confine light on the nanoscale.
To measure coupling to SEPs, angular reflectance measurements were made using Fourier imaging
spectroscopy. Careful calibration of the angular response of the measuring apparatus was required.
Furthermore, I modelled the dispersion of the surface modes of each J-aggregate and PVA thin film
using the optical properties characterised in chapter 4 (figure 4.27). Comparing these dispersion
relations to the measured p- and s-polarised reflectance of each J-aggregate and PVA thin film in a
Kretschmann prism-coupling configuration allowed me to identify coupling to Brewster and SEP
type surface modes in different spectral regions. This detailed analysis of SEP dispersion was made
possible by the high angular resolution reflectance measurement made using a monochromator.
This work confirmed that the SEP modes of each material exist in a narrow wavelength range on
the short wavelength side of each J-aggregate absorption, where the real part of the relative electric
permittivity is below -1.
Using existing work on TDBC as a starting point, this work advances the state-of-the-art first
by coupling to SEPs in new J-aggregate materials made using J560, J619 and J798 [31]. All of the
materials studied here are fabricated using the same methods. Given the large number of available
cyanine J-aggregates, this promises a large new family of excitonic materials that can confine light
on the nanoscale. Secondly, this work provides a new level of detail in the analysis of the dispersion
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of SEPs in excitonic materials, through careful study of Fourier imaging spectroscopy data. This
understanding is crucial to the design of future soft nanophotonic devices containing these new












The aim of this research project was to develop a new group of molecular materials that can confine
light on the nanoscale using the optical properties of delocalised Frenkel excitons in J-aggregates.
These materials offer nanoscale light confinement in a fully organic platform whose optical properties
can be controlled during fabrication using supramolecular chemistry. Such a platform combines
the subwavelength confinement offered by passive nanophotonic elements such as metal films
or nanostructures, with the active properties of molecular emitters such as optical nonlinearity
and photoluminescence. This yields a bulk soft material sharing many of the capabilities of a two-
dimensional material. We focussed on fabricating several different J-aggregate materials by the same
method, characterising their optical properties, and demonstrating coupling to the subwavelength
surface mode of each material: the surface exciton polariton (SEP).
6.2 Conclusions
We began by demonstrating the fabrication of four different organic materials containing cyanine
J-aggregates. For this work we chose four different cyanine J-aggregates absorbing at different wave-
lengths across the visible and near-infrared. First we controlled the self-assembly of each J-aggregate
in solution and in solid films, using spin-coating to give thin films of J-aggregates in a poly(vinyl-
alcohol) (PVA) polymer matrix. We then used atomic force microscopy to measure the thickness
and morphology of the J-aggregate and PVA films, showing them to have thickness in the range
23nm-38nm and roughness in the range 2nm-5nm. This knowledge is crucial for characterising the
optical properties of our films. We observed that all four thin films have a high reflectance band
close to the absorption of the constituent J-aggregate. This shows that delocalised Frenkel excitons in
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self-assembled J-aggregates can be used to create materials with metal-like optical properties where
the real part of the relative electric permittivity is negative, simply using spin-coating to create a
random distribution of J-aggregates within the films.
After fabricating four J-aggregate and PVA materials, including a TDBC-based material [31],
we characterised the optical properties of all four films. To do this we performed spectroscopic
ellipsometry and a simpler method based on reflectance. In both cases the characterisation of
the optical properties was tested by comparison to the measured transmission spectrum of each
film. This showed that the reflectance-based method gives the best characterisation of the optical
properties. The optical properties of all four thin films show an intense absorption feature associated
with the delocalised Frenkel exciton of the constituent J-aggregate. In all four films, on the short
wavelength side of this absorption, there is a narrow spectral region in which the real part of the
relative electric permittivity is less than -1. This shows that our J-aggregate and PVA materials have
the optical properties required to confine light on the nanoscale in a SEP at the film/air interface.
In the final part of this project we demonstrated coupling to the SEP mode of each of our
J-aggregate and PVA films. To do this we performed Fourier imaging spectroscopy, measuring re-
flectance in a Kretschmann prism-coupling configuration implemented using an oil-immersion
objective lens. Each film showed a dip in p-polarised reflectance associated with coupling to the
SEP. Fourier imaging spectroscopy gives reflectance as a function of angle and wavelength, which
allowed the dispersion of surface modes on our thin films to be measured: the spectral regions
corresponding to Brewster modes, SEP modes and evanescent modes were identified, and coupling
to Brewster and SEP modes was observed in all four films. Coupling to SEPs shows that J-aggregate
materials can confine light on the nanoscale in a narrow range of wavelengths selected by the choice
of J-aggregate. We have demonstrated this nanoscale confinement in wavelength bands across the
visible and near-infrared, showing the versatility of the cyanine J-aggregate and PVA platform.
6.3 Outlook
In this work we identified the difficulty of modelling the spectroscopic ellipsometry data of each of
our materials with a physically reasonable model consistent with the transmission spectrum of the
material. We also noted that the p-polarised reflectance in the prism-coupling experiment does not
exactly match the prediction of the corresponding model, suggesting that a more complex model of
surface mode coupling is required. We hypothesise that both of these effects are due to the surface
morphology and its affect on coupling to surface modes, as both effects occur within the spectral
region in which the material confines light at its surface in SEP or evanescent modes. To study this
effect, the surface profile of each material (figures 3.10-3.13) could be decomposed into a sum of
grating components with different spatial frequencies, to model the interaction of light of a specific
wavelength with the specific surface profile [67]. Each grating component can scatter incident light
or surface polaritons, relaxing the mode-matching conditions and allowing light on the air side of the
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film (such as the incident light in spectroscopic ellipsometry) to couple to SEPs.
More broadly, this work demonstrates a generic method for producing nanophotonic materials
using cyanine J-aggregates. Given the large library of cyanine J-aggregates than are available, this work
provides the template for producing a large new family of soft nanophotonic materials, confining
light at wavelengths across the visible and near-infrared [32]. These materials could be integrated
with other organic photonic elements, such as waveguides [37], or distributed Bragg reflectors [38] to
create new photonic devices exploiting the wavelength-specific subwavelength confinement offered
by J-aggregate materials [86]. In conjunction with research into more complex J-aggregate film
deposition techniques such as layer-by-layer films [87], J-aggregate materials could be explored in a
nanoparticle setting, producing organic nanoparticles supporting a local SEP mode. The combination
of nanoparticle size and shape effects with the optical properties of J-aggregate materials promises
an organic nanoparticle with a unique optical response distinctly different to the response of any
metal nanoparticle.
A significant motivation for this work is to produce a platform that in future could combine
subwavelength confinement with the active properties of molecular emitters. For example, optical
nonlinearity of the J-aggregate excitons could offer optical tuning of the surface exciton polariton
mode, which could be investigated by combining pump-probe spectroscopy with a prism-coupling
experiment [53][34]. This would be a step towards tunable plasmonics in the visible and near-
infrared, improving on the electrical tunablility of the graphene plasmon in the far-infrared [20]. As
a first step toward exploiting both emission and confinement from J-aggregate and PVA films, the
photoluminescence of the materials used here should be measured, including with the illumination
light coupled to the SEP. This may demonstrate the differences between a metal, where intrinsic
losses heat the metal, and a J-aggregate material, where intrinsic losses correspond to the excitation
of a short lived exciton transition with a small Stoke’s shift [32].
Finally, we note that the present work explores the conditions under which a disordered sys-
tem of organic emitters can support a propagating polariton mode. This is important in natural
light-harvesting systems in which closely packed emitters are known to absorb light and transport
energy. J-aggregate materials provide a versatile platform for exploring the emergence of propagating
polaritons in disordered organic systems, including the dispersion of these modes. This can give new













A.1 Spectral fringes in the scanning fibre method
A.1.1 Smoothing spectral fringes
When measuring the Fourier plane using the scanning fibre method, spectral fringes appear in the
measured reflectance that do not originate in the optical response of the measured sample. Therefore
it is desirable to remove these spectral fringes from the measured reflectance in order to visualise the
optical response of the measured sample more clearly. To remove these fringes a 20nm wide moving
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(a) (b)
Figure A.1: Reflectance of p-polarised light from a prism, measured using the scanning fibre method.
(a) Before smoothing, (b) after smoothing by perfoming a 20nm wide moving average along the
wavelength axis.
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average is performed on the spectrum observed at each angle. Figure A.1 shows the p-polarised
reflectance of the prism measured by the scanning fibre before and after this smoothing.
A.1.2 Origin of spectral fringes
Spectral fringes are observed in reflectance measurements using the scanning fibre method (figure
5.13b). Similar fringes do not appear in reflectance measured by the monochromator (figure 5.13d).
To help determine the origin of these spectral fringes, we inspect the intensity measurements used
to calculate the reflectance values. In figures A.2a and A.2c I plot the spectra used to calculate the
reflectance data in figures A.2b A.2d respectively. These spectra are all measured at the same angle
of incidence, 53.6◦. I plot the spectral region 550nm-600nm, which is close to the peak intensity of
the tungsten lamp. Figures A.2a and A.2c show that the light in the Fourier plane has small spectral
fringes. In the monochromator, these fringes do not shift between measuring the mirror and prism.
This is true even if several hours elapse between measurements. However, in the scanning fibre mea-
surement, the fringes shift between the mirror and prism measurements. This cannot be attributed
to spectral drift of the tungsten lamp: the scanning fibre and monochromator measurements were
made simultaneously for each sample so any spectral drift of the tungsten lamp would appear in both
figure A.2a and A.2c. The change in the spectral fringes between the mirror and prism measurements
using the scanning fibre method gives rise to the spectral fringes observed in the scanning fibre mea-
surement of reflectance (figure A.2b). In the monochromator the mirror and prism measurements




































































(a) Scanning fibre (c) Monochromator (e) Scanning fibre, repeatability
(b) (d) (f)
Figure A.2: (a) Reflected spectrum from a mirror and from a prism, measured by the scanning fibre
method, and (b) the resulting prism reflectance. (c) Reflected spectrum from a mirror and from
a prism, measured by the monochromator method, and (d) the resulting prism reflectance. (e)
Reflected spectrum observed in subsequent measurements of a mirror using the scanning fibre,
when the fibre is scanned beteen measurements. (f) Ratio of intensities of measurements 1 and 2. In
(a), (c) and (e), the y-axis scale does not start at zero.
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have the same spectral fringes, so the reflectance measured by the monochromator method does not
show any fringes (figure A.2d). Therefore, the cause of the different spectral fringes in the mirror and
prism measurements with the scanning fibre must be local to the scanning fibre arm of the Fourier
imaging system.
I hypothesise that the fringes change between measurements due to lack of repeatability in the
control of the position of the scanning fibre. At different positions on the Fourier plane, the spectral
fringes are different. This is expected of spectral fringes created by thin optical coatings on lenses and
mirrors in the Fourier imaging system. Each time the translation stage performs a long range scan to
the start position for a given measurement, the position of the fibre experiences a small random shift
in position, with a corresponding shift in the spectral position of fringes in the Fourier image. This
shift means that when the ratio of the sample and reference reflectance is taken, the spectral fringes
will no longer cancel out. When the fibre is scanned in small steps across the Fourier plane, the small
steps (∼0.1mm) of the translation stage are accurate - this causes the spectral fringes observed in
reflectance to persist over many angles (figure 5.13). In order to measure both a reference and a
sample for a reflectance measurement, the fibre must undergo a long range scan, thus introducing
spectral fringes to the reflectance measurement.
To test this hypothesis, several spectra were measured by collecting the reflected light from a
mirror using the scanning fibre with the translation stage on which the fibre is mounted set to the
same position (figure A.2e). Between each measurement, the translation stage was moved to its zero
position, then returned to its measurement position. This motion introduces a small change in the
measured spectrum, which can be seen in figure A.2e. As a result of this the ratio of the first and fifth
measured spectra shows spectral fringes (figure A.2f). These fringes are consistent with those seen in
the reflectance of a prism measured using the scanning fibre method (figure A.2b). It is a coincidence
that the amplitude of the noise on the monochromator measurement is similar to the amplitude of
the fringes observed in figure A.2f.
A.2 Modelled thickness of J619
In section 5.6, the model of the J619 and PVA thin film does not use the measured thickness of 38nm.
Instead, a thickness of 23nm is used to improve the fit of the model to the data below the critical angle
at wavelength 608nm . In figure A.3 I compare the measured reflectance to the prediction of the model
based on the measured thickness of 38nm. In figure A.3e, we see clearly that the 38nm thick model
predicts significantly higher reflectance below the critical angle than is measured. Furthermore, we
see by comparing figure A.3c and figure A.3d that the 38nm thick model does not correctly predict
the observed dip in s-polarised reflectance due to J-aggregate absorption. Figure 5.19 shows that the
23nm model gives a more accurate prediction of the s-polarised reflectance.
149















































































Figure A.3: (a) Measured and (b) modelled p-polarised reflectance from J619 and PVA thin films. (c)
Measured and (d) modelled s-polarised reflectance from J619 and PVA thin films. The model is based
on the optical properties reported in figure 4.27 and measured thickness (table 3.3). The dashed
white lies bound the spectral region of the surface exciton polariton, in which Re[ε] <−1.
A.3 Kretschmann reflectance measured at multiple points
In chapter 5, section 5.6, all of the data reported for each J-aggregate and PVA material corresponds to
a Fourier imaging spectroscopy measurement of a single point on each film. Here I present that data
together with an additional measurement of each film at a randomly chosen point (figure A.4-A.7).
This shows that for all four films there are only small differences in the reflectance in the Kretschmann
configuration between different points on the same sample.
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Figure A.4: Reflectance of the J560 and PVA film in the Kretschmann configuration at two different
points on the sample: (a)(e) Real image, (b)(f) p-polarised reflectance, (c)(g) s-polarised reflectance,
and (d)(h) measured and modelled reflectance at 556nm (model as shown in figure 5.15b). The
measurement at point 1 is shown in (a-d), and the measurement at point 2 is shown in (e-h). Point 1
is the measurement used in section 5.6.
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Figure A.5: Reflectance of the TDBC and PVA film in the Kretschmann configuration at two different
points on the sample: (a)(e) Real image, (b)(f) p-polarised reflectance, (c)(g) s-polarised reflectance,
and (d)(h) measured and modelled reflectance at 575nm (model as shown in figure 5.15b). The
measurement at point 1 is shown in (a-d), and the measurement at point 2 is shown in (e-h). Point 1
is the measurement used in section 5.6.
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Figure A.6: Reflectance of the J619 and PVA film in the Kretschmann configuration at two different
points on the sample: (a)(e) Real image, (b)(f) p-polarised reflectance, (c)(g) s-polarised reflectance,
and (d)(h) measured and modelled reflectance at 608nm (model as shown in figure 5.15b). The
measurement at point 1 is shown in (a-d), and the measurement at point 2 is shown in (e-h). Point 1
is the measurement used in section 5.6.
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Figure A.7: Reflectance of the J798 and PVA film in the Kretschmann configuration at two different
points on the sample: (a)(e) Real image, (b)(f) p-polarised reflectance, (c)(g) s-polarised reflectance,
and (d)(h) measured and modelled reflectance at 770nm (model as shown in figure 5.15b). The
measurement at point 1 is shown in (a-d), and the measurement at point 2 is shown in (e-h). Point 1
is the measurement used in section 5.6.
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